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Abstract: Crumping of suspended two-dimensional (2D) materials by droplet evaporation 

creates a new form of aggregation-resistant ultrafine particles with more scalable properties 

such as high specific surface areas. However, the underpinned fundamental mechanics theory 

that addresses large deformation, severe instability and self-assembly of 2D sheets under 

dynamic solid-liquid interactions during liquid evaporation is lacking. In the present study, we 

propose a theoretical mechanics framework to quantitatively describe the simultaneous process 

of crumpling and self-assembling of 2D materials and their competition during droplet 

evaporation. In this theory, a rotational spring is developed to describe the out-of-plane 

deformation of crumpling sheets, and a mechanical slider is implemented to describe the 

interactive binding energy in self-folding of a single sheet or overlapping of neighboring sheets. 

The spring-slider mechanics model is calibrated with the energy-based continuum mechanics 

analysis by crumpling a single sheet, and is further extended to a network model to characterize 

the crumpling and assembling of multiple sheets in the droplet. An equivalent pressure model 

is developed to unify the resultant forces associated with liquid evaporation including capillary 

force, vapor pressure, gas pressure, vapor recoil pressure and capillary flow-induced force. 

Coarse-grained computational simulation results show remarkable agreement with theoretical 

predictions, from crumpling and assembling energies of graphene during liquid evaporation to 

overall size and accessible area of the crumpled particles after the complete evaporation of 

liquid. Besides, both theoretical predictions and simulation results agree well with independent 

experiments. The effect of concentration, size, shape, number and size distribution of 2D 

material graphene sheets in liquid droplets on crumpling and self-assembling energy and shape, 

size and surface morphology of crumpled particles is also discussed. The mechanics theories 

and coarse-grained modeling established here are expected to offer immediate and quantitative 

application guidance to control the crumpling and self-assembling process of 2D materials by 

aerosol processing to fine tune particle size and morphology. More importantly, the 

fundamental understanding of large deformation, instability, and self-assembly of 2D materials 

in such dynamic liquid environments could be extended to aerosol processing of a broad scope 

of other low-dimensional nanomaterials such as lipid membranes, nanowires, nanotubes, 

nanofibers and nanoparticles, for their emerging applications including ultrafine particle 

manufacturing and various printing processes. 
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1. Introduction 

Two-dimensional (2D) materials, such as graphene, boron nitride and molybdenum disulfide, 

have attracted tremendous attention over the past few years for their exceptional electronic, 

mechanical and thermal properties underpinned by their extremely large specific surface 

area(Akinwande et al., 2017), often demonstrated at the single layer level. However, a bulk 

form of these 2D materials, either as powders or a monolith is necessary for most applications 

such as high-performance electrodes in energy storage (Cao et al., 2014; Fan et al., 2015; 

Shehzad et al., 2016), filters for waste water/gas treatments in environmental systems (Lim et 

al., 2017; Sudeep et al., 2013), and lightweight structures (Qin et al., 2017; Qiu et al., 2012; Wu 

et al., 2015). A significant thrust in recent years is to assemble these atomically thin materials 

into some bulk, three-dimensional (3D) forms in the hope that the excellent properties at single 

layer level can be scaled up as much as possible (Luo et al., 2015). The major issue in the 

assembly is that the 2D nanomaterials tend to aggregate/restack due to strong van der Waals 

attraction between them such as restacking of 2D flat graphene sheets, which not only results 

in a tremendous reduction of their accessible surface area and poor mass/ion transport(Yavari 

et al., 2011; Zhang et al., 2013; Zou and Kim, 2014), but also degrades with processing and/or 

application environments such as mechanical loadings, hence adversely affecting their 

properties and subsequent applications (Li et al., 2015; Luo et al., 2013b; Yang et al., 2013). 

Several manufacturing techniques have been developed to obtain the 2D nanomaterials based 

3D structures including mechanical folding by applying an external mechanical loading 

(Diamant and Witten, 2011; Jambon-Puillet et al., 2016; Jin et al., 2015), and chemical folding 

by decorating functional groups (Zheng et al., 2010) or defects(Warner et al., 2012). For 

example, releasing pre-strain applied to the substrate prior has been designed to achieve 

wrinkled graphene patterns (Zhang and Arroyo, 2014) and has also been used to pop up 3D 

graphene porous structures (Ling et al., 2018). Similar to this mechanical controlling means, 

thermally generated strain (Bao et al., 2009), hydrogenation (Reddy and Zhang, 2014) and 

irradiation to surface atoms (Warner et al., 2013) have been developed to regulate 2D structures 

of graphene into various geometrical configurations. These manufacturing techniques are 

currently challenged by mass productions of 2D nanomaterials based 3D structures with a low 

cost to meet requirements for broad applications.  
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As an alternative manufacturing approach, an aerosol-assisted fabrication of crumpled 

graphene balls has been developed that can convert suspended 2D materials into crumpled 

paper ball-like structure. (Luo et al., 2015; Luo et al., 2011; Xu and Rogers, 2016). Figure 1a 

depicts the schematic illustration of a typical experimental setup of the aerosol-assisted, 

evaporation-driven manufacturing technique (Hao et al., 2018; Luo et al., 2011; Luo et al., 2012; 

Mao et al., 2012; Yang et al., 2016). The aerosol droplets with suspended 2D materials are first 

nebulized from a bulk dispersion, and then sent through a pre-heated furnace via a carrier gas. 

At the end of the fly path, evaporation of the aerosol droplets is complete and dried particles 

are collected. By adjusting concentration of 2D sheets and/or the furnace temperature, the size 

and morphology of assembled particles can be tuned (Jiang et al., 2016; Kavadiya et al., 2017; 

Luo et al., 2015; Luo et al., 2011; Nie et al., 2017; Parviz et al., 2015), as shown in the 

representative electron microscopy images of crumpled graphene balls in Figure 1b. The 

crumpled graphene balls could exhibit both high free volume and high compressive strength, 

and can pack tightly without significant reduction of the original accessible area of graphene 

(Luo et al., 2011). For example, unlike a tight restacking of flat graphene sheets, ~60% of the 

accessible surface area (>1500 m2/g) is maintained in the crumpled graphene sheets (Cranford 

and Buehler, 2011). The crumpled graphene-assembled structures can even maintain 45% of its 

original surface area under mechanical compression of 55 MPa, while the regular flat graphene 

sheets turn into chunks with a drastic reduction of surface area by 84% (Luo et al., 2013a). The 

excellent inherence of large surface areas and robust deformation resistance in crumpled 

graphene 3D structures have been leveraged in supercapacitors and show five times higher of 

energy density than that of flat graphene sheet powder and a stable specific capacitance with 

the increase of mass loading (Tao et al., 2013). More importantly, 2D sheets such as those made 

of graphene, are usually hard to disperse in solvents due to their strong tendency to restack. 

However, for their crumpled version, the uneven surface morphology, coupled with strain-

hardening property leads to unusual aggregation-resistant properties, allowing them to be 

processed in nearly arbitrary solvents without the need for dispersing agents (Luo et al., 2013b). 

Crumpled graphene balls were found to self-disperse in lubricant oil for improved tribological 

performance and wear protection (Dou et al., 2016). The scalable surface areas in crumpled 
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graphene balls have exhibited more scalable performance in ultracapacitors (Ha et al., 2019; 

Luo et al., 2013a; Zang et al., 2014). Their uneven surface morphology and aggregation-

resistant packing behavior have been leveraged to reduce the reflection of light for solar heating 

and distillation purposes (Hao et al., 2018). The 3D porous spaces have also been employed as 

a scaffold to enhance the sensitivity of sensors (Chen et al., 2017b) and catalytic performance 

(Zhou et al., 2016) with rapid diffusion of atoms/ions and mass transfer. In addition, the 3D 

spatial networks facilitate the interlocking and interactions with host matrixes in Li metal 

batteries (Liu et al., 2018) and manufacturing of 2D nanomaterial-reinforced composites and 

enhance overall physical and mechanical properties (Deng and Berry, 2016; Ramanathan T et 

al., 2008). Crumpled graphene balls can also act as breathable shells to encapsulate and protect 

expandable particles from reactive environments, which has been leveraged for applications in 

energy storage devices such as Li-ion battery (Choi et al., 2014; Luo et al., 2012; Mao et al., 

2012; Park et al., 2015; Parviz et al., 2015). Recently, the liquid evaporation-driven 

manufacturing technique has been applied in the crumpling and assembly of other 2D materials 

such as MoS2 flakes (Chen et al., 2017a).   

 

In fundamental, this liquid evaporation manufacturing technique is similar to self-assembly 

of nanoparticles in the synthesis of colloidal crystals, nevertheless, nanoparticles are commonly 

rigid and only aggregation is expected by inter-particle attraction to achieve dense-packed 

assembly of nanoparticles (Lauga and Brenner, 2004; Vogel et al., 2015). By contrast, the 2D 

materials are prone to occur an out-of-plane deformation due to an atomic thickness. It is 

hypothesized that 2D nanomaterials will experience large deformation and severe instability 

under evaporation-induced compression to create spacing when assembled, thereby minimizing 

restacking and retaining the large surface areas of 2D nanomaterials in the assembled 3D 

structures, which is closely underpinned by mechanics. Besides, from energy variation point of 

view, the ultimate morphology of assembled 3D particles is expected to be determined by the 

energy competition between crumpling (geometric frustration including wrinkling and self-

folding) and assembling (compaction) of 2D materials and could be tuned by changing the 

concentration, size and shape of 2D materials and external environment (e.g. furnace 

temperature or evaporation rate, and flow speed of carrier gas), which is highly needed in the 
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exploration of controllable manufacturing through key material and systemic parameters. 

Figure 1c illustrates the schematics of crumpling and assembling process of 2D materials by 

liquid evaporation. We should note that the accumulated distribution of 2D materials in the 

surface of droplets is led by the evaporation-induced capillary flow (Deegan et al., 1997; Kim 

et al., 2010; Shim et al., 2014; Tarasevich, 2005) in the high-temperature furnace, and/or 

amphiphilicity of the sheets (Kim et al., 2010; Krueger et al., 2011) that can be adjusted by 

controlling the pH of solution or the size distribution of the sheets (Kim et al., 2010). However, 

the traditional self-assembly mechanics in colloid science that focuses on aggregation among 

non-deformable rigid 1D nanoparticles is limited to understanding the large deformation, 

instability and assembly of 2D deformable materials during liquid evaporation, and the mutual 

competitions and coordination between deformation and assembly under dynamically-

constrained boundary conditions cannot be captured by traditional colloid theory. 

 

In the present study, we will ascertain and establish a theoretical mechanics framework for 

the liquid evaporation-driven crumpling and assembling of 2D deformable materials suspended 

in a free-standing liquid droplet, as illustrated in Figure 1a for the experiment setup, and further 

develop a coarse-grained modeling to conduct large-scale molecular dynamics simulations and 

validate the proposed mechanics theory, in parallel with comparison of theoretical and 

computational results with experimental results. The details of the theoretical framework are 

given in Section 2. An equivalent pressure model is first developed to unify the driving forces 

of crumpling and assembling 2D materials including capillary force, carrier gas pressure, vapor 

pressure, vapor recoil pressure and capillary flow-induced shear force. Then, a rotational 

spring-mechanical slider model is proposed to describe mechanical deformation and self-

folding of individual 2D sheets and their self-assembly during evaporation. The resultant 

energies are derived to quantitatively elucidate the energy competition between crumpling and 

self-assembly of 2D materials. By minimizing the ultimate energy state after complete 

evaporation of liquid, the morphology and size of assembled 3D particles are also predicted in 

theory. A high-efficiency coarse-grained modeling is developed to conduct large-scale 

molecular dynamics simulations and validate the proposed theoretical model in Section 3. 

Graphene is taken as a representative of 2D deformable materials and is modeled by a coarse-
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grained model. A controllable virtual spherical force field that exerts on graphene is developed 

to mimic the liquid evaporation-induced pressure, thereby significantly reducing computational 

cost yet with high accuracy. The quantitative comparison between simulations and theoretical 

predictions are presented in Section 4, including deformation, crumpling and assembling 

energies of graphene with liquid evaporation and morphology evolution of assembled graphene. 

The size and accessible area of assembled particles from both theoretical and simulations results 

are obtained with excellent agreement with each other and also agree well with experiments in 

literatures. The extension of the proposed theory that takes into account the numbers, size 

distribution and geometric shapes of graphene sheets in the droplet is further discussed in 

Section 5 and the results show good consistency with simulations and experiments. The 

concluding remarks are given in Section 6.  

 

2. Theoretical framework 

2.1 Equivalent evaporation pressure model of liquid evaporation-induced forces 

As illustrated in Figure 1c, the liquid droplet of solution suspension is first generated by 

atomization (Figure 1c (I)) and once the liquid evaporation occurs at an elevated temperature 

in the furnace, the 2D sheets will be gradually in contact with the vapor air and immigrate to 

the surface of droplet due to intrinsic amphiphilicity of 2D sheets (Figure 1c (II)) (Kim et al., 

2010; Okuyama and Wuled Lenggoro, 2003). Besides, these 2D sheets at solid-vapor-liquid 

interface will lead to certain constraints to other 2D sheets inside the droplet, similar to the pin 

effect of substrate to nanoparticles in coffee-ring phenomena (Deegan et al., 1997), which 

generates a capillary flow with evaporation, and in turn, promotes immigration of 2D sheets to 

the surface of the droplet. As a consequence, the evaporation of liquid molecules will result in 

a recoil force at the liquid-vapor interface and it is perpendicular to the interface squeezing the 

interface toward the liquid side (Nikolayev et al., 2006). This recoil force will bend the 2D 

sheets around the center of liquid droplet and influences the deformation and assembly of the 

2D sheets. At the same time, similar to a pressure increase led by the heated carrier gas in the 

relatively sealed tube furnace, the liquid vapor will lead to an increase of the pressure, and in 

turn promotes the deformation and self-assembly of 2D sheets. Besides, the dynamics flow of 

liquid around 2D sheets, often referred to as capillary flow, will lead to a shear force exerting 
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on the contact surface of 2D sheets with liquid droplet (Schmatko et al., 2005). In addition, the 

capillary force along the tangential direction of liquid at the contact line between solid and 

liquid will further promote the deformation of 2D sheets (Hure and Audoly, 2013; Liu and Xu, 

2018; Paulsen et al., 2015). Figure 2a (I) illustrates the directions and locations of these forces 

which are all led by liquid evaporation. Under these forces, the 2D sheets will be crumpled till 

to the complete evaporation of liquid. In our analysis, these driving pressures and forces will 

be unified to a generalized equivalent pressure to describe the crumpling and self-assembly of 

2D sheets.  

 

Specifically, once the liquid droplet is sent to the high-temperature furnace by a carrier gas, 

the carrier gas will be heated, leading to an increase of pressure (𝑃𝑔) in the furnace. Based on 

the ideal gas law, the gas pressure is (Vincenti and Kruger, 1965) 

 𝑃𝑔 =
𝑃0𝑇𝑓

𝑇0
                                  (1) 

where 𝑃0 and 𝑇0 are the pressure and temperature of the carrier gas at the inlet of furnace, 

respectively, and 𝑇𝑓 is the furnace temperature. For the liquid droplet, when flying through the 

high-temperature furnace, the liquid phase will be changed into the vapor phase by direct 

vaporization to liquid on the surface of droplet and possibly by cavitation to liquid near the 2D 

sheets inside the droplet at very high temperature of evaporation (e.g. 𝑇𝑓 ≫ 𝑇𝑏), and leads to 

an increase of the vapor pressure in the furnace. Besides, the resultant instant pressure or 

dynamic impact to the suspended 2D sheets due to breakage of cavitation can be neglected due 

to the good flexibility of 2D sheets and their free motion inside the liquid. Assuming all the 

liquid in the droplet is vaporized, the resultant vapor pressure (𝑃𝑣) can be calculated using the 

ideal gas law, similar to 𝑃𝑔 in Eq. (1), and it is  

 𝑃𝑣 = {

𝑛𝑅𝑇𝑓

𝑉
, (𝑇𝑓 ≥ 𝑇𝑏)

0, (𝑇𝑓 < 𝑇𝑏)
                             (2) 

where 𝑛 is the amount of vapor, 𝑅 is the ideal gas constant, 𝑉 is the volumetric capacity of 

furnace, and 𝑇𝑏 is the boiling point of solution liquid. We should note that the droplet size 

generated by atomization is usually at the microscale and the enhancement of vapor pressure 

due to the curvature of liquid droplet surface, usually named as Kelvin effect (Thomson, 1872), 
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can be neglected because such effect becomes significant only when the radius of droplet (𝑅𝑑) 

is less than 10 nm. In addition to 𝑃𝑣, the generation of liquid vapor will lead to a vapor recoil 

pressure (𝑃𝑟) that exerts on the boundary of 2D sheets. The vapor recoil pressure 𝑃𝑟 depends 

on both droplet size and furnace temperature and can be determined by (Nikolayev et al., 2006)  

𝑃𝑟 = 𝑞2 (
1

𝜌𝑣
−

1

𝜌𝑙
)                             (3) 

where 𝑞 = 𝑚𝑑/𝐴𝑑𝑡𝑒 represents the mass evaporation rate of liquid, 𝑚𝑑 is the mass of liquid 

droplet, 𝐴𝑑 is the total surface area of liquid droplet, and 𝑡𝑒 is the evaporation time. 𝜌𝑣 and 

𝜌𝑙 are the density of vapor and liquid, respectively.  

 

Unlike the constant loading direction of gas and vapor pressure that vertically exerts on the 

surface of 2D materials, the capillary force (𝐹𝑐) that appears at the solid-vapor-liquid interface 

changes its direction dynamically due to free suspension of 2D sheets in the droplet and its 

contribution to deformation of 2D sheets can be evaluated by an equivalent pressure (𝑃𝑐). For 

a free-standing deformable sheet suspended in a liquid droplet, its centroid will not deform and 

can be taken as a constraint reference point. Consider an entire 2D sheet composed of infinite 

numbers of cantilever beams with the fixed centroid, with the principle of deflection of beam, 

the capillary force applied at the free ends can be equivalent to a pressure exerted on the surface 

(Li et al., 2010) (Figure A1). For example, for a cantilever beam of rectangular shaped 2D 

materials with a length 𝑙 and width 𝑤, the capillary force (𝐹𝑐 = 𝛾𝑙𝑤) that acts at the free end 

of 2D sheet due to the receding of liquid by evaporation will generate a deflection 𝛿𝐹 =

𝐹𝑐𝑙
3/3𝐸𝐼 (Hibbeler, 2011; Li et al., 2010), where 𝐸 is Young’s modulus and 𝐼 is the moment 

of inertia of the cross section of 2D sheets. For comparison, when a uniform pressure 𝑃𝑐 is 

applied to the beam, the beam will have a deflection at the free end, 𝛿𝑃 = 𝑃𝑐𝑤𝑙
4/8𝐸𝐼. 𝛿𝐹 =

𝛿𝑃  will yield 𝑃𝑐 = 8𝐹𝑐/3𝑙𝑤 , which leads to an equivalence between capillary force and 

uniform pressure for the mechanical deformation of beam. Similarly, we can have 𝑃𝑐 =

16𝛾𝑙/3𝐿𝑔, 𝑃 = 32𝛾𝑙/3√3
4
𝐿𝑔, and 𝑃 = 16𝛾𝑙/3𝐿𝑔 for a square, and triangular, and circular 

shaped 2D sheets, respectively, where 𝛾𝑙 is the surface tension of liquid and 𝐿𝑔 is the size of 

2D material (i.e. length of square and equilateral triangular, and diameter of circular shaped 2D 

sheets). As a result, the equivalent pressure that could be used to replace the capillary force can 
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be summarized as 𝑃𝑐 = 16𝑆𝛾𝑙/3𝐿𝑔, where 𝑆 is a dimensionless geometric factor of 2D sheets 

(𝑆=1 for square and circular shaped 2D sheets, 𝑆 = 2/√3
4

 for triangular shaped 2D sheets). 

Further, the surface tension of liquid solution in the droplet usually is a function of temperature 

(Freire et al., 2007; Sugden, 1924), and for example, the surface tension of water is 𝛾𝑤(𝑇) =

94.74 + 1.87 × 10−3𝑇 − 2.63 × 10−4𝑇2 (mN/m) between 273 and 373K (Chen and Smith, 

2007). Therefore, the equivalent pressure to the capillary force for driving deformation of 2D 

sheet by liquid evaporation can be written as  

𝑃𝑐 = {
𝑠
16𝛾𝑙(𝑇𝑓)

3𝐿𝑔
, 𝑇𝑓 ≤ 𝑇𝑏

𝑠
16𝛾𝑙(𝑇𝑏)

3𝐿𝑔
, 𝑇𝑓 > 𝑇𝑏

                          (4) 

 

Besides the capillary force, the dynamic interaction between 2D sheets and liquid during 

liquid evaporation will generate a capillary flow along the surface of 2D sheets. The convection 

of liquid between the inside and on the surface of droplet will lead to a capillary flow and exert 

a shear stress to the 2D sheets in contact with the liquid droplet. The capillary flow-induced 

shear stress is (Liu and Xu, 2016) 

𝑃𝑠 = 𝜇𝑣𝑙                                (5) 

where 𝜇 is the friction coefficient between 2D sheets and liquid, and 𝑣𝑙 is the velocity of 

liquid flow on the surface of 2D sheets. For a given liquid and 2D sheets, 𝜇 can be determined 

from the solid-liquid interaction (Tocci et al., 2014) and 𝑣𝑙  can be estimated via the 

evaporation rate of liquid (Deegan et al., 1997; Hu and Larson, 2005).  

 

With these analyses in Eqs. (1)-(5), the total equivalent evaporation pressure that could 

drive crumpling and assembly of 2D sheets by liquid evaporation can be summarized to  

𝑃𝑡 = 𝑃𝑔 + 𝑃𝑣 + 𝑃𝑟 + 𝑃𝑐 + 𝑃𝑠                         (6) 

Take a square 2D graphene sheet with an area 𝐴𝑔 = 0.1 𝜇𝑚2 and liquid water as an example, 

and set 𝑇0 =300 K and 𝑃0 =1 atm, 𝑛 =0.01 mole, 𝑉 = 3 × 10−4 𝑚3  and 𝑅𝑑 = 1.45 𝜇𝑚 , 

Figure 2b shows these forces as a function of the furnace temperature (𝑇𝑓) and all of them are 

temperature dependent. Compared with 𝑃𝑔   𝑃𝑣  and 𝑃𝑐 , both 𝑃𝑟  and 𝑃𝑠  are at least three 



   10 / 76  

orders of magnitude lower, and thus will not be included in the following discussion unless 

otherwise stated; that is, Eq. (6) reduces to   

𝑃𝑡 = 𝑃𝑔 + 𝑃𝑣 + 𝑃𝑐                              (7) 

In addition, both 𝑃𝑔 and 𝑃𝑣 increase with the furnace temperature, and 𝑃𝑐 remains constant 

because the temperature has exceeded the boiling point of liquid water (𝑇𝑏=100 °𝐶) and the 

temperature of liquid water will not change. Figure 2b further shows that the evaporation 

pressure (𝑃𝑡 ) increases with the increase of furnace temperature, indicating that a high 

temperature will benefit the crumpling and assembling of 2D materials (Wang et al., 2012). 

When the size of 2D materials changes, Figure 2c shows the variation of the evaporation 

pressure (𝑃𝑡) with the furnace temperature, and crumpling a smaller 2D material requires a 

higher evaporation pressure. It should be noted that when the 2D sheets are highly hydrophilic 

or the liquid solution of 2D sheets is highly diluted, all 2D sheets might stay inside the droplet 

(Kim et al., 2009) during early stage of evaporation, and the evaporation will condense the 

solution droplet, which could lead to the crumpling and self-assembly of 2D sheets by self-

constraint each other due to the incompressibility of liquid, similar to the forced crumpling of 

elastic sheets in an impenetrable rigid cylinder (Vliegenthart and Gompper, 2006). As the 

evaporation continues, once 2D sheets are in partial contact with vapor air, the driving force 

will be dominated by pressures such as capillary force as shown in Figure 2a, which could lead 

to formation of intensely crumpled solid-like balls or restacking of 2D sheets after complete 

evaporation of liquid. In addition, at elevated temperatures, the evaporation rate will become 

high, but we assume that there still is enough time to allow 2D materials to be crumpled and 

assembled during liquid evaporation.   

 

2.2 Energy-based continuum mechanics model for crumpling a single 2D sheet  

When planar 2D sheets are in contact with surface of the liquid droplet, their curvature 

mismatch will lead to energy competition between mechanical deformation of 2D sheets and 

solid-liquid interaction. As a consequence, the deformation of 2D sheets such as local wrinkling 

will occur, as illustrated in Figure 3a (King et al., 2012; Zhou et al., 2015) and may eventually 

transform to folding with the continuous evaporation of liquid. Take a single square 2D sheet 
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with length 𝐿𝑔  in the liquid droplet with a radius 𝑅𝑑  as an example, and consider the 

evaporation-induced pressure of 𝑃𝑡 , the compressive hoop strain in the 2D sheet is 

axisymmetric and can be estimated via   

𝜀𝜃𝜃(𝑟) =
𝑅𝑑 𝑠𝑖𝑛(𝑟/𝑅𝑑)−𝑟

𝑟
, 𝑟 ∈ [0, 𝐿𝑔/2]                   (8) 

where 𝑟 is the local radial coordinate on the 2D sheet (Figure A2c). Note that there is no radial 

strain in the 2D sheet because of the free boundary in the radial direction. With Eq. (8), for the 

2D sheet, the strain energy of a fully conformal thin torus with the width 𝑑𝑟 in the position 𝑟 

(Figure A2c) is 

𝐸𝑠
𝐼 = 𝜋𝐸𝑡𝜀𝜃𝜃

2 𝑟𝑑𝑟 +
𝐵𝜋

𝑅𝑑
2 𝑟𝑑𝑟                       (9) 

where the first term on the right hand is the in-plane compressive energy and the second term 

is the bending energy. 𝑡 is the thickness, and 𝐵 is the bending stiffness of 2D sheet. Consider 

the center of liquid droplet as a reference point, the potential energy of the thin torus under 𝑃𝑡 

is 

𝐸𝑝
𝐼 = 2𝜋𝑃𝑡𝑅𝑑𝑟𝑑𝑟                            (10) 

with Eqs. (9) and (10), the total energy that is required to keep a fully conformal torus for 2D 

sheet at the position 𝑟 is 𝐸𝑡
𝐼 = 𝐸𝑠

𝐼 + 𝐸𝑝
𝐼 .  

 

With the liquid evaporation (i.e. a smaller 𝑅𝑑), |𝜀𝜃𝜃| will increase and wrinkles in the 2D 

sheet will occur, primarily along the symmetric axis in a square 2D sheet, as highlighted in red 

in Figure 3b. Once the wrinkles appear, the compressive strain will be released by the out-of-

plane wrinkling deformation (King et al., 2012), and the morphology of the wrinkled parts can 

be described by a cosinusoidal wave function with the wavelength 𝜆𝑤  and amplitude 𝐴𝑤 

(Brau et al., 2013; Oshri et al., 2015; Zhang and Yin, 2018), 𝑓(𝑥) = 𝐴𝑤 cos (
2𝜋

𝜆𝑤
𝑥) + 𝐴𝑤 , 

where 𝑥  is the local coordinate on the surface of liquid droplet (Figure 3b) and the 

conservation of length of torus at the position 𝑟  requires 4∫ √1 + (𝑑𝑓/𝑑𝑥)2𝑑𝑥
𝜆𝑤/2

−𝜆𝑤/2
+

2𝜋𝑅𝑑 sin(𝑟/𝑅𝑑) − 4𝜆𝑤 = 2𝜋𝑟. Thus, we can calculate the strain energy within the torus via 

𝐸𝑠
𝐼𝐼 = 2𝐵 [∫ 𝜅2(𝑥)√1 + (𝑑𝑓/𝑑𝑥)2

−𝜆𝑤/2

−𝜆𝑤/2
𝑑𝑥 + (2𝜋𝑅𝑑 sin(𝑟/𝑅𝑑) − 4𝜆𝑤)/4𝑅𝑑

2] 𝑑𝑟  (11) 

where 𝜅(𝑥) = |𝑑𝑓2/𝑑𝑥2|/(1 + (𝑑𝑓/𝑑𝑥)2)3/2 is the local curvature of wrinkles. Similar to 
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Eq. (10), the potential energy due to wrinkle can be obtained via 

𝐸𝑝
𝐼𝐼 = 𝑃𝑡 [4∫ (𝑓(𝑥) + 𝑅𝑑)√1 + (𝑑𝑓/𝑑𝑥)2𝑑𝑥 + (2𝜋𝑅𝑑 sin(𝑟/𝑅𝑑) − 4𝜆𝑤)𝑅𝑑

𝜆𝑤/2

−𝜆𝑤/2
] 𝑑𝑟 (12) 

Therefore, the total energy for the wrinkling deformation is 𝐸𝑡
𝐼𝐼 = 𝐸𝑠

𝐼𝐼 + 𝐸𝑝
𝐼𝐼 and is a function 

of 𝜆𝑤. The minimization of 𝐸𝑡
𝐼𝐼 can be used to determine 𝜆𝑤, 𝐴𝑤, 𝐸𝑠

𝐼𝐼 and 𝐸𝑝
𝐼𝐼. 

 

With the further evaporation of liquid, |𝜀𝜃𝜃|  and the amplitude of wrinkles 𝐴𝑤 will 

continue to increase (Diamant and Witten, 2011). Beyond a critically high enough |𝜀𝜃𝜃|, the 

wrinkles will transit to folds, and the deformed 2D sheet becomes close enough till to being in 

contact with each other (Brau et al., 2013; Ciarletta, 2014; Holmes and Crosby, 2010). Such 

contact will lead to the binding energy and changes the local curvature within the fold (Figure 

3b). Assume the overlap length 𝑙𝑏 and equilibrium distance ℎ, local radius of curvature 𝑅1, 

𝑅2 and 𝑅3 and arc angle 𝜃1, 𝜃2 and 𝜃3 in the folded configuration (Zhu et al., 2012), the 

conservation of length of torus will yield 8[𝑅3𝜃3 + 𝑙𝑏 + 𝑅2𝜃2 + 𝑅1𝜃1] + 2𝜋𝑅𝑑 sin(𝑟/𝑅𝑑) −

4(2𝑅3 + ℎ) = 2𝜋𝑟, and the strain energy in the folds is 

𝐸𝑠
𝐼𝐼𝐼 = 𝐵[4(𝜃1/𝑅1 + 𝜃2/𝑅2 + 𝜃3/𝑅3) + [2𝜋𝑅𝑑 sin(𝑟/𝑅𝑑) − 4(2𝑅3 + ℎ)]/2𝑅𝑑

2]𝑑𝑟  (13) 

Similar to Eq. (10) or (12), we can calculate the potential energy via   

𝐸𝑝
𝐼𝐼𝐼 = 8𝑃𝑡 [∫ (𝑅𝑑 + 𝑅3 + 𝑅3𝑠𝑖𝑛𝜃)𝑅3𝑑𝜃

0

−𝜃3
+ ∫ (𝑦 + 𝑅𝑑)𝑑𝑦

𝑅3+𝑙𝑏
𝑅3

+ ∫ (𝑅𝑑 + 𝑅3 + 𝑙𝑏 +
𝜃2

0

𝑅2𝑠𝑖𝑛𝜃)𝑅2𝑑𝜃 + ∫ (𝑅𝑑 + 𝑅3 + 𝑙𝑏 + 𝑅2𝑠𝑖𝑛𝜃2 + 𝑅1 𝑠𝑖𝑛(𝜃1 − 𝜋/2) +
𝜋/2+𝜃1

𝜋/2

𝑅1𝑠𝑖𝑛𝜃)𝑅1 𝑑𝜃] 𝑑𝑟 + 𝑃𝑡[2𝜋𝑅𝑑 𝑠𝑖𝑛(𝑟/𝑅𝑑) − 4(2𝑅3 + ℎ)]𝑅𝑑𝑑𝑟                (14) 

In this folding stage, in addition to the strain energy and potential energy, the binding energy in 

the overlaps of the folds needs to be taken into account and it is 

𝐸𝑏
𝐼𝐼𝐼 = 4𝛤𝑏𝑙𝑏𝑑𝑟                              (15) 

where 𝛤𝑏  is the binding energy density of the 2D sheet. Therefore, the total energy of the 

folding deformation state is 𝐸𝑡
𝐼𝐼𝐼 = 𝐸𝑠

𝐼𝐼𝐼 + 𝐸𝑝
𝐼𝐼𝐼 + 𝐸𝑏

𝐼𝐼𝐼. 

 

These three stages of conformal, wrinkling and folding states of 2D sheet in droplet would 

emerge in a sequence with the increase of |𝜀𝜃𝜃| and liquid evaporation (Diamant and Witten, 



   13 / 76  

2011; King et al., 2012). The transition point between them can be determined by minimizing 

their corresponding energy at the position 𝑟, i.e.  

𝐸𝑡
𝑚𝑖𝑛 = min[𝐸𝑡

𝐼 , 𝐸𝑡
𝐼𝐼 , 𝐸𝑡

𝐼𝐼𝐼]                         (16) 

 

With Eq. (16), the local curvature 𝜅 can be determined by 𝜅 = 𝑓(𝐸𝑡
𝑚𝑖𝑛). For example, 

when there is a conformal contact between 2D sheet and liquid droplet, we will have 𝐸𝑡
𝑚𝑖𝑛=𝐸𝑡

𝐼  

and 𝜅(𝜃) = 1/𝑅𝑑   (0 ≤ 𝜃 ≤ 2𝜋) in the polar coordinate system (Figure A2); when the 2D 

sheet wrinkles, we will have 𝐸𝑡
𝑚𝑖𝑛 = 𝐸𝑡

𝐼𝐼 , and 𝜅(𝜃) = {

|𝑑𝑓2/𝑑𝑥2|

(1+(𝑑𝑓/𝑑𝑥)2)
3
2

, |𝑥| ≤ 𝜆𝑤/2

1/𝑅𝑑 , |𝑥| > 𝜆𝑤/2

 , where 

𝜃 = (∫ √1 + (𝑑𝑓/𝑑𝑥)2
𝑥

0
𝑑𝑥)/𝑟; when 2D sheet folds, we will have 𝐸𝑡

𝑚𝑖𝑛 = 𝐸𝑡
𝐼𝐼𝐼 and 𝜅(𝜃) =

{
 
 

 
 
1/𝑅1,                                       |𝜃| ≤ 𝜃1𝑅1/𝑟

1/𝑅2,                      𝜃1𝑅1/𝑟 < |𝜃| ≤ (𝜃2𝑅2 + 𝜃1𝑅1)/𝑟

0,             (𝜃2𝑅2 + 𝜃1𝑅1)/𝑟 < |𝜃| ≤ (𝜃2𝑅2 + 𝜃1𝑅1 + 𝑙𝑏)/𝑟

1/𝑅3, 𝜃2𝑅2 + 𝜃1𝑅1 + 𝑙𝑏)/𝑟 < |𝜃| ≤ (𝜃2𝑅2 + 𝜃1𝑅1 + 𝑙𝑏 + 𝜃3𝑅3)/𝑟

1/𝑅𝑑,                    |𝜃| > (𝜃2𝑅2 + 𝜃1𝑅1 + 𝑙𝑏 + 𝜃3𝑅3)/𝑟

 . Specifically, for graphene sheet, 

the geometric parameters are 𝑅0 =0.68 nm  𝑅1=0.967𝑅0, 𝑅2=3.401𝑅0, 𝑅3=√2𝜋/(2 + 𝜋)𝑅0, 

𝜃1 =0.685𝜋 , 𝜃2 =0.185𝜋   𝜃3 =0.5𝜋 , and ℎ =0.34 nm (Zhu et al., 2012), and the material 

parameters are 𝐵 =2.38e-19 𝐽 , 𝐸 =1 TPa, 𝑡 =0.34 nm and 𝛤𝑏 =-0.232 𝐽/𝑚
2  (Liu and Xu, 

2018). Figure A3 a and b plots the curvature distribution of 𝜅(𝜃) in the 2D sheet (graphene) 

at these three different stages of liquid evaporation. Once the local curvature is obtained, the 

strain energy, potential energy and binding energy in the deformed 2D sheet can be determined. 

More importantly, define the deformed area in the 2D sheet as “ridge”, similar to that of 

crumpling thin elastic sheet in a confined hollow sphere (Cerda et al., 1999; Matan et al., 2002; 

Vliegenthart and Gompper, 2006), the strain energy stored in the ridges can be written as (Mora 

and Boudaoud, 2002) 

𝐸𝑠 = 𝐵𝜉𝜑(𝜃𝑡 − 𝜋)
2                         (17) 

where 𝜉 and 𝜑 are dimensionless geometry factors, and 𝜉 is often referred to as the Föppl-

von Kármán number. Our analysis on crumpling 2D sheet by liquid evaporation shows that 

𝜉 = 𝐴𝑔/𝑡
2 and 𝜑 = √𝑃𝑡/𝐸 (See Figure A3). 𝐴𝑔 is the original surface area of 2D sheet. 

𝜃𝑡  is the angle between the two planes of the ridge and 𝜃𝑡 − 𝜋  represents the degree of 

deformation relative to a flat 2D sheet without deformation. 
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2.3 Rotational spring-mechanical slider model of crumpling a single 2D sheet 

As analyzed in Section 2.2, both local wrinkles and folds reflect the out-of-plane mechanical 

deformation of 2D sheets centered about a symmetric line (marked in red in Figure 3b), and 

contribute to the strain energy and potential energy due to their high local curvature compared 

to the other parts of the 2D sheet with negligible deformation. More importantly, with the 

evaporation of liquid droplet, the out-of-plane deformation will increase and these negligible 

deformation parts are packed more closely. The packing of negligible deformation parts about 

symmetric lines in the 2D sheets is analogous with the folding process of origami structures 

along a flexible axis or reference point(Faber et al., 2018). With this analogy, the crumpling 

deformation of one single 2D sheet can be modeled by a rotational spring connected with two 

planes that cannot be crumpled and are considered to be rigid, as illustrated in Figure 4a (I). 

The associated out-of-plane deformation energy can be characterized by the energy storage of 

the deformed rotational spring. When the interactive binding energy between folded rigid parts 

needs to be taken into account, it can be described by introducing a mechanical slider between 

two rigid planar sheets, as illustrated in Figure 4a (III). With this 2D rotational spring- 

mechanical slider mechanics model, the crumpling of a single 2D sheet now can be 

characterized through the energy analysis.  

 

The energy stored in the rotational spring that corresponds to the total compressive, 

wrinkling and self-folding deformation in the 2D sheet can be defined as  

𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

=
1

2
𝑘𝑠(𝜃𝑡 − 𝜋)

2                          (18) 

where 𝑘𝑠 is the constant of rotational spring and 𝜃𝑡 is the rotational angle (Figure 4a (I)). 𝑘𝑠 

can be determined from the continuum mechanics model of compression, wrinkling and self-

folding deformation of a single 2D sheet in Section 2.2. That is, the energy from this rotational 

spring model should be equal to that from continuum model analysis in Eq. (17), which is, 

𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

= 𝐸𝑠 and it yields to 𝑘𝑠 = 2𝐵
𝐴𝑔

𝑡2
√
𝑃𝑡

𝐸
.  

 

With the continuous deformation of 2D sheet, the gap between local wrinkled sheets will 
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decrease, and the interactive binding energy will emerge. Different from the out-of-plane 

deformation, it reflects the van der Waals interactions, and will further promote the wrinkling 

toward the appearance of self-folding of 2D sheets. The interactive binding energy depends on 

both gap distance and area of overlapped rigid parts and can be defined as  

𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 = 𝑘𝑏𝐴𝑑𝑒𝑓[𝑠𝑖𝑛(𝜃𝑡

𝑐/2) − 𝑠𝑖𝑛(𝜃𝑡/2)]𝐻(𝜃𝑡
𝑐 − 𝜃𝑡)             (19) 

where 𝑘𝑏 is the constant of the mechanical slider, 𝐴𝑑𝑒𝑓 is the area contributed to the out-of-

plane deformation. 𝜃𝑡
𝑐 is the critical angle between the two connected rigid plates, and when 

𝜃𝑡 < 𝜃𝑡
𝑐, the two rigid plates are considered to be close enough and the resultant binding energy 

needs to be considered (Holmes and Crosby, 2010). 𝐻(𝜃𝑡
𝑐 − 𝜃𝑡) is the Heaviside function and 

𝐻(𝜃𝑡
𝑐 − 𝜃𝑡) = 0  when 𝜃𝑡 ≥ 𝜃𝑡

𝑐  and 𝐻(𝜃𝑡
𝑐 − 𝜃𝑡) = 1  when 𝜃𝑡 < 𝜃𝑡

𝑐 (Haberman, 2012). 

Since the binding energy only occurs between two overlaps in 2D sheet, we have 𝑘𝑏 = 𝛤𝑏/2. 

 

Similar to the definition of projected area (𝐴𝑠 = 2𝜋𝑅𝑑
2[1 − cos(𝐿𝑔/2𝑅𝑑)]) on the surface 

of liquid droplet for a planar 2D sheet (Figure A2), we define the projection of out-of-plane 

deformed area of 2D sheet 𝐴𝑑𝑒𝑓 on the surface of liquid droplet as 𝐴𝑝𝑟, and 𝐴𝑑𝑒𝑓 = 𝐴𝑝𝑟 +

𝜋𝐴𝑔/4 − 𝐴𝑠. The overall nominal compressive strain in the 2D sheet can be written as 𝜀𝑠 =

(𝐴𝑝𝑟 − 𝐴𝑑𝑒𝑓)/𝐴𝑑𝑒𝑓. Apparently, 𝜀𝑠 < 0, and we have 𝜃𝑡 = 𝜋(1 + 𝜀𝑠). For example, consider 

the bending stiffness (𝐵) and size (𝐿𝑔) of a square 2D sheet, under the radius of liquid droplet 

(𝑅𝑑) and evaporation pressure (𝑃𝑡), 𝐴𝑝𝑟 can be determined via (Holmes and Crosby, 2010) 

𝐴𝑝𝑟 = (𝐵𝑅𝑑/𝑃𝑡)
1

4𝜋𝐿𝑔/2 and 𝜃𝑡
𝑐 = 𝜋/(1 + (𝐸/𝑃𝑡𝐴𝑝𝑟

2 )
1/9
𝑡4/9). Figure 4b plots the variations 

of 𝜃𝑡 and 𝜃𝑡
𝑐 with the increase of curvature of liquid droplet 𝜅𝑑 (=1/𝑅𝑑, which reflects the 

liquid evaporation process). When the curvature is zero, the 2D sheet is a flat surface and 𝜃𝑡 =

𝜋. The 2D sheet is in a fully conformal contact with the liquid surface and there is no out-of-

plane deformation. With the increase of curvature (𝜅𝑑) during evaporation, the strain energy of 

2D sheet increases, and 𝜃𝑡  decreases accordingly but is larger than 𝜃𝑡
𝑐 . By contrast, 𝜃𝑡

𝑐 

remains approximately the same. Beyond a critical curvature, 𝜃𝑡  is smaller than 𝜃𝑡
𝑐 , 

indicating the distance between two rigid plates in the spring model is close enough and the 

binding energy will appear, where the slider will play a role in the spring-slider mechanics 
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model and needs to be considered, as illustrated in the inset. 

 

In addition to the strain energy 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

  and binding energy 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 , the evaporation 

pressure will deform 2D sheet. Take the center of liquid droplet as the reference point, its 

induced mechanical deformation of 2D sheet can be described by a potential energy 𝐸𝑝 to the 

reference point, which is 

𝐸𝑝 = 𝑃𝑡[𝐴𝑑𝑒𝑓(𝑅𝑑 +√𝐴𝑑𝑒𝑓𝑐𝑜𝑠(𝜃𝑡/2)/2) + 𝐴𝑠𝑅𝑑]               (20) 

where the first term reflects the contribution by the out-of-plane deformation of 2D sheet. Eq. 

(20) shows that the potential energy of a single 2D sheet during liquid evaporation is a function 

of the curvature of liquid droplet (𝜅𝑑, see Appendix A), similar to that in Eqs. (18) and (19). 

With Eqs. (18)-(20), the total energy of crumpling 2D sheet can be written as  

𝐸𝑡𝑜𝑡 = 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

+ 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 + 𝐸𝑝                      (21) 

𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 < 0 is favorable of folding process of 2D sheets by evaporation and 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 

will increase as the evaporation continues, leading to a continuous folding of 2D sheets till to 

𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 = 0. Besides, when the folding stops (𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 = 0), if 𝜃𝑡 < 𝜃𝑡
𝑐, the 2D sheet 

could be folded into a stable pattern due to the attractive van der Waals interaction between 

rigid parts by the liquid evaporation. Otherwise, the deformed 2D sheet will bounce back into 

its planar form. As an example, Figure 5a plots the variation of 𝐸𝑡𝑜𝑡, 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

, 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟, 𝐸𝑝, 

and rotational angle (𝜃𝑡) in the spring-slider model with the increase of liquid droplet curvature 

𝜅𝑑 for a square graphene sheet, where for the 2D sheet (graphene), 𝐵=2.38e-19 𝐽, 𝐸=1 TPa, 

𝑡=0.34 nm and 𝛤𝑏=-0.232 𝐽/𝑚
2 (Liu and Xu, 2018), 𝐿𝑔=40 nm and 𝑃𝑡=10 atm. With the 

evaporation of liquid, 𝜃𝑡 decreases, and 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

increases. When 𝜅𝑑 is large enough, 𝜃𝑡 ≤

𝜃𝑡
𝑐 and 𝐸𝑏

𝑠𝑙𝑖𝑑𝑒𝑟starts to emerge and increase (magnitude). At the same time, 𝐸𝑝 will decrease 

due to the decrease of the radius of liquid droplet and deformation of the 2D sheet. When 

𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 = 0 appears earlier than 𝜃𝑡 = 𝜃𝑡
𝑐 (i.e. 𝜅𝑑

𝐸<𝜅𝑑
𝐺  and 𝜃𝑡 > 𝜃𝑡

𝑐  see Appendix A for 

the definition of 𝜅𝑑
𝐸 and 𝜅𝑑

𝐺), the folding will stop without van der Waals attractive energy 

and the deformed 2D sheet will recover. At a higher evaporation pressure of 𝑃𝑡=40 atm, Figure 
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5b shows that 𝐸𝑝 decreases more rapidly and 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 emerges earlier. This synergistic effect 

delays the emergence of 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 = 0 , and when the folding stops, 𝜃𝑡 < 𝜃𝑡
𝑐  (𝜅𝑑

𝐸  𝜅𝑑
𝐺 ), 

which leads to a folded 2D sheet stabilized by the van der Waals attractive energy. Similarly, 

by increasing the size of 2D sheet to 𝐿𝑔=100 nm (Figure 5c), a stabilized folded graphene by 

van der Waals attractive energy can also be obtained due to 𝜃𝑡 < 𝜃𝑡
𝑐 (𝜅𝑑

𝐸 𝜅𝑑
𝐺) at 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 =

0. This demonstration indicates that the size and evaporation pressure play the crucial role in 

the folding of 2D sheet and their relationship can be obtained by analyzing Eq. (21).  

 

Further, given the bending stiffness 𝐵 of 2D sheet and liquid evaporation pressure 𝑃𝑡, a 

critical area of 2D sheet 𝐴𝑔
𝑐  can be approximately written as (See Appendix A)  

𝐴𝑔
𝑐 = 𝜂 (

𝐵

𝑃𝑡
)

2

3
                              (22) 

where 𝜂 reflects the deformation homogeneity and intensity of 2D sheet. For example, the 

non-uniformly deformed 2D sheets with highly localized wrinkles and folds, and the 

equivalence of Eqs. (22) and (21) leads to 𝜂=98.82 (See Appendix A). In particular, when the 

2D sheet experiences uniform deformation, the 2D sheet remains a conformal contact with the 

liquid droplet and pertains a constant radius of curvature, where the rotational angle 𝜃𝑡 = 𝜋 −

𝜃𝑏/2, and the bending angle of the 2D sheet 𝜃𝑏 = 𝐿𝑔/𝑅𝑑 (Liu et al., 2016; Liu and Xu, 2018). 

Eq. (21) will become 𝐸𝑡𝑜𝑡 = 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

+ 𝐸𝑝 , where 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

= 2𝐵/(𝜃𝑡 − 𝜋)
2 , and 𝐸𝑝 =

𝑃𝑡𝐴𝑔𝐿𝑔/(2𝜋 − 2𝜃𝑡) . 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 =0 at 𝜅𝑑 = 2𝜋/𝐿𝑔  will yield 𝐴𝑔
𝑐 = 4𝜋2(𝐵/𝑃𝑡)

2

3 , where 

𝜂 = 4𝜋2 , which agrees well with self-folding of one single graphene sheet by liquid 

evaporation (Liu and Xu, 2018). 

 

2.4 Spring-slider network mechanics model of crumpling and assembly of multiple 2D 

sheets 

When there are multiple 2D sheets in the droplet, in addition to the mechanical deformation of 

individual 2D sheets, because the surface area of droplet will decrease with the liquid 

evaporation, and 2D sheets will be packed and assembled closely. This assembly of individual 

2D sheet will lead to an emergence of interactive energy between 2D sheets, which is similar 
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to the binding energy of the folded parts in a single 2D sheet and can also be described by a 

mechanical slider with the same as that in folded parts, referred to as inter-layer slider. Figure 

6 shows the illustration of a network distribution of rotational spring-slider mechanics models 

for the crumpling and assembly of multiple 2D sheets in solution droplet by liquid evaporation.  

 

Consider 𝑛𝑙 (𝑛𝑙 ≥ 2) 2D sheets in a liquid droplet, each 2D sheet has the area 𝐴𝑔
(𝑖)
(𝑖 =

1,2,3……𝑛𝑙), and the total area is 𝐴𝑔
𝑡 = ∑ 𝐴𝑔

(𝑖)𝑛𝑙
𝑖=1 . Given 𝐴𝑔

𝑡 ≤ 𝐴𝑑(= 4𝜋𝑅𝑑
2) at the beginning 

of evaporation, the surface of droplet is not fully covered by the 2D sheets, and there is no 

overlap between 2D sheets. As a consequence, the assembly energy between individual 2D 

sheets can be neglected and the total deformation energy is  

𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

= ∑ 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔(𝑖)𝑛𝑙

𝑖=1 =
1

2
∑ 𝑘𝑠

(𝑖)(𝜃𝑡
(𝑖) − 𝜋)

2
𝑛𝑙
𝑖=1                 (23) 

where 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔(𝑖)

 is the deformation energy of the 𝑖𝑡ℎ 2D sheet, 𝑘𝑠
(𝑖) = 2𝐵

𝐴𝑔
(𝑖)
 

𝑡2
√
𝑃𝑡

𝐸
, 𝜃𝑡

(𝑖) =

𝜋(1 + 𝜀𝑠
(𝑖)) and 𝜀𝑠

(𝑖) = (𝐴𝑝𝑟
(𝑖) − 𝐴𝑑𝑒𝑓

(𝑖) )/𝐴𝑑𝑒𝑓
(𝑖)

. Similarly, the total binding energy in 2D sheets 

can be obtained by 

𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 = ∑ 𝐸𝑏

𝑠𝑙𝑖𝑑𝑒𝑟(𝑖)𝑛𝑙
𝑖=1 = ∑ 𝑘𝑏

(𝑖)𝐴𝑑𝑒𝑓
(𝑖) [𝑠𝑖𝑛(𝜃𝑡

𝑐(𝑖)/2) − 𝑠𝑖𝑛(𝜃𝑡
(𝑖)/2)] 𝐻(𝜃𝑡

𝑐(𝑖) − 𝜃𝑡
(𝑖))

𝑛𝑙
𝑖=1  (24) 

where 𝑘𝑏
(𝑖) = 𝛤𝑏/2 and 𝜃𝑡

𝑐(𝑖) = 𝜋/(1 + (𝐸/𝑃𝑡𝐴𝑝𝑟
(𝑖)2)

1/9

𝑡4/9). And the total potential energy 

contributed by evaporation pressure is 

𝐸𝑝 = ∑ 𝐸𝑝
(𝑖)𝑛𝑙

𝑖=1 = ∑ 𝑃𝑡 [𝐴𝑑𝑒𝑓
(𝑖) (𝑅𝑑 +√𝐴𝑑𝑒𝑓

(𝑖) 𝑐𝑜𝑠(𝜃𝑡
(𝑖)/2)/2) + 𝐴𝑠

(𝑖)𝑅𝑑]
𝑛𝑙
𝑖=1     (25) 

Thus, the total energy without assembling among multiple 2D sheets by liquid evaporation is 

𝐸𝑡𝑜𝑡 = 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

+ 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 + 𝐸𝑝                      (26) 

 

With the evaporation of liquid, the surface area of liquid droplet will decrease, eventually 

leading to 𝐴𝑔
𝑡 ≥ 𝐴𝑑. After that, the 2D sheets start to assemble (Figure 1c) and the assembly 

energy emerges. Unlike the layer by layer stacking of planar 2D sheet, the assembled 2D sheet 

will stuck at the boundaries on the liquid droplet due to the out-of-plane deformation of 

wrinkling and self-folding (Mendoza-Sanchez and Gogotsi, 2016; Qin et al., 2017). Besides, 
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these boundary inter-lockings between 2D sheets will lead to both hoop and radial compressive 

strain within a single 2D sheet, similar to that of the deformation in granular particles (Gonzalez 

and Cuitiño, 2012), and the total deformation energy characterized by Eq. (23) at 𝐴𝑔
𝑡 < 𝐴𝑑  

will becomes  

𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

= ∑ 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔(𝑖)𝑛𝑙

𝑖=1 = ∑ 𝑘𝑠
(𝑖)(𝜃𝑡

(𝑖) − 𝜋)
2

𝑛
𝑖=1              (27) 

When the assembly between different 2D sheet starts, the out-of-plane deformation will not be 

constrained in the intra-layer wrinkling and self-folding, and the inter-layer assembly will also 

partially occupy the deformed area. As a result, 𝐴𝑑𝑒𝑓
(𝑖) = 𝐴𝑏𝑖𝑛𝑑

(𝑖) + 𝐴𝑎𝑠𝑚
(𝑖)

 , where 𝐴𝑏𝑖𝑛𝑑
(𝑖)

 

represents the deformed area of wrinkling and self-folding and 𝐴𝑎𝑠𝑚
(𝑖)

 represents the assembled 

area in the ith 2D sheet. Therefore, the binding energy becomes 

𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 = ∑ 𝐸𝑏

𝑠𝑙𝑖𝑑𝑒𝑟(𝑖)𝑛𝑙
𝑖=1 = ∑ 𝑘𝑏

(𝑖)𝐴𝑏𝑖𝑛𝑑
(𝑖) [𝑠𝑖𝑛(𝜃𝑡

𝑐(𝑖)/2) − 𝑠𝑖𝑛(𝜃𝑡
(𝑖)/2)]𝐻(𝜃𝑡

𝑐(𝑖) − 𝜃𝑡
(𝑖))

𝑛𝑙
𝑖=1 (28) 

The assembly energy due to the van der Waals interaction between individual 2D sheets can be 

calculated by 

𝐸𝑎𝑠𝑚 = ∑ 𝐸𝑎𝑠𝑚
(𝑖)𝑛𝑙

𝑖=1 = ∑ 𝑘𝑎
(𝑖)𝐴𝑎𝑠𝑚

(𝑖)𝑛𝑙
𝑖=1                      (29) 

where 𝑘𝑎
(𝑖) = 𝛤𝑏/2  is the assembly coefficient and is the same with 𝑘𝑏

(𝑖)
  in Eq.(28). The 

potential energy that will crumple and assemble multiple 2D sheets by the evaporation pressure 

can be calculated via 

𝐸𝑝 = ∑ 𝐸𝑝
(𝑖)𝑛𝑙

𝑖=1 = 𝑃𝑡 ∑

[
 
 
 
 𝐴𝑏𝑖𝑛𝑑
(𝑖) (𝑅𝑑 +√𝐴𝑏𝑖𝑛𝑑

(𝑖) cos(𝜃𝑡
(𝑖)/2)/2)

+𝐴𝑎𝑠𝑚
(𝑖)

(𝑅𝑑 +√𝐴𝑎𝑠𝑚
(𝑖)

/2) + 𝐴𝑠
(𝑖)
𝑅𝑑 ]

 
 
 
 

𝑛𝑙
𝑖=1           (30) 

 

With Eqs. (27)-(30), the total energy of crumpling and assembling multiple 2D sheets by 

liquid evaporation is 

𝐸𝑡𝑜𝑡 = 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

+ 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 + 𝐸𝑎𝑠𝑚 + 𝐸𝑝                  (31) 

Similar to Eq. (21), Eq. (31) can be solved numerically. For example, take 𝐴𝑔
(𝑖)
=10000 

𝑛𝑚2 , 𝑛𝑙 =5 (𝐴𝑔
𝑡  =50000 𝑛𝑚2 ) and 𝑃𝑡 =10 atm, Figure 7a shows the deformation energy 
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𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

 , binding energy 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 , assembly energy 𝐸𝑎𝑠𝑚 , potential energy 𝐸𝑝                  

as well as the total energy 𝐸𝑡𝑜𝑡  as the liquid evaporates. During the liquid evaporation, 

𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 will increase as the evaporation continues, leading to a continuous crumpling and 

assembly of 2D sheets till to 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 = 0 . When the crumpling and assembly stop 

(𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 = 0), the multiple 2D sheets will be crumpled into a particle stabilized by the van 

der Waals energy of adhesive self-folding and assembly. 

 

After the complete evaporation of liquid, Figure 7b plots the normalized crumpling energy 

𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

+𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 by the assembly energy 𝐸𝑎𝑠𝑚 with the increase of pressure 𝑃𝑡. It increases 

(magnitude) with the increase of 𝑃𝑡, indicating a higher pressure will promote the self-folding 

of 2D sheets. Further, we define  

𝜁 = 𝐴𝑏𝑖𝑛𝑑/𝐴𝑎𝑠𝑚                            (32) 

where 𝐴𝑏𝑖𝑛𝑑 and 𝐴𝑎𝑠𝑚 can be used to characterize the surface morphology and the overall 

structure of the particle. 𝜁 = 0 indicates there is no deformation of individual 2D sheet and 

only self-assembly of 2D sheets occurs by liquid evaporation. As a consequence, a bulk form 

of restacking of 2D sheets will be obtained. These areas can be determined from energy analysis, 

where 𝐴𝑏𝑖𝑛𝑑 =  ∑ 𝐴𝑏𝑖𝑛𝑑
(𝑖)𝑛𝑙

𝑖=1  , 𝐴𝑏𝑖𝑛𝑑
(𝑖) = 𝐸𝑏

𝑠𝑙𝑖𝑑𝑒𝑟(𝑖)/(𝑘𝑏
(𝑖) [𝑠𝑖𝑛(𝜃𝑡

𝑐(𝑖)/2) − 𝑠𝑖𝑛(𝜃𝑡
(𝑖)/2)]) and 

𝐴𝑎𝑠𝑚=∑ 𝐴𝑎𝑠𝑚
(𝑖)𝑛𝑙

𝑖=1 , and 𝐴𝑎𝑠𝑚
(𝑖) = 𝐸𝑎𝑠𝑚

(𝑖) /𝑘𝑎
(𝑖)
. Apparently, a large 𝜁 suggests a dominative role 

of the crumpling energy over the assembly energy, and promotes local deformation of 

individual 2D sheets including ridges. These local ridges will prevent direct restacking of 2D 

sheets and lead to “porous” structures of assembled particles. Figure 7b shows a monotonic 

variation of 𝐴𝑏𝑖𝑛𝑑/𝐴𝑎𝑠𝑚 with the pressure, which agrees well with that of energy variations. 

In particular, when the surface area of each 2D sheet is the same, we will have 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

=

𝑛𝑙𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔(𝑖)

 , 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 = 𝑛𝑙𝐸𝑏

𝑠𝑙𝑖𝑑𝑒𝑟(𝑖)
 ,  𝐸𝑎𝑠𝑚 = 𝑛𝑙𝐸𝑎𝑠𝑚

(𝑖)
  and 𝐸𝑝 = 𝑛𝑙𝐸𝑝

(𝑖)
 , and as a result, 

𝐴𝑏𝑖𝑛𝑑 = 𝑛𝑙𝐴𝑏𝑖𝑛𝑑
(𝑖)

 , 𝐴𝑎𝑠𝑚 = 𝑛𝑙𝐴𝑎𝑠𝑚
(𝑖)

 , and 𝐴𝑔
𝑡 = 𝑛𝑙𝐴𝑔

(𝑖)
 . 𝜁 = 0  will lead to 𝐴𝑏𝑖𝑛𝑑 =0 and 

𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 = 𝐸𝑏

𝑠𝑙𝑖𝑑𝑒𝑟(𝑖) = 0 , and there will be no permanent deformation in each 2D sheet due to 

the lack of van der Waals energy, which is the same as that of unfolded 2D sheet in the 
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crumpling of a single 2D sheet in Section 2.3. Therefore, the critical area of each 2D sheet will 

be 𝐴𝑔
𝑐(𝑖) = 𝜂(𝐵/𝑃𝑡)

2

3, and consider 𝐴𝑔
𝑡 = 𝑛𝑙𝐴𝑔

(𝑖)
, the critical total area of multiple 2D sheets 

will be  

𝐴𝑔
𝑡𝑐 = 𝑛𝑙𝜂 (

𝐵

𝑃𝑡
)
2/3

                          (33) 

If 𝐴𝑔
𝑡 ≤ 𝐴𝑔

𝑡𝑐, there will be no deformation within each 2D sheet and only assembly of 2D sheets 

among each other, which is the same as the assembly process of colloidal particles (Vogel et al., 

2015). When 𝐴𝑔
𝑡 > 𝐴𝑔

𝑡𝑐, both self-folding and assembly will appear and 𝜁 will be larger than 

zero. 

 

More importantly, once the total energy of assembled particle after the complete 

evaporation of liquid is determined, and if we assume the local curvature and central angle in 

the fold are constant (Zhu et al., 2012), the density of fold (ridge) can be calculated and it is 

𝐷𝑟 =
𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

𝐵𝐴𝑔
𝑡 [

𝑅1

𝜃1
+
𝑅2

𝜃2
+
𝑅3 

𝜃3
]                        (34) 

Similarly, the radius of gyration (𝑟𝑔) can be employed to approximately estimate the size of 

assembled particles after the complete evaporation of liquid, and 𝑅𝑔 is  

𝑅𝑔 =
𝐸𝑝

𝑃𝑡𝐴𝑔
𝑡                                (35) 

We should note that when there is no deformation in 2D sheets, 𝐸𝑝 will be the same with the 

potential energy of assembled particles in colloidal science and Eq. (35) will reduce to the 

radius of assembled hollow spheres by rigid particles (Hsu et al., 2005). In addition, the 

accessible area of assembled particle (Luo et al., 2011) (i.e. the surface area of particle that is 

accessible to air) can be obtained by excluding the stacked areas within a particle from the total 

surface area of 2D materials and it is   

𝐴𝑎𝑐𝑐 = 2[𝐴𝑔
𝑡 − (𝜁 + 1)𝐴𝑎𝑠𝑚]                       (36) 

 

3. Computational modeling and methods 

Large numbers of atoms will be involved so as to model the crumpling and assembly of 2D 

sheets by liquid evaporation and validate the theoretical mechanical model in Section 2. For 

example, take 2D material graphene suspended in a water droplet as an example, consider the 
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typical size of the solution liquid droplet of 𝑅𝑑 = 1.45 𝜇𝑚  in experiments, and the 

concertation of graphene 𝐶𝑚 =1 mg/mL (Yang et al., 2016), one liquid droplet will contain 

4.27 × 1011 water molecules and 6.39 × 108 carbon atoms, largely beyond the capacity of 

current computational cost. In this section, we will present a high-efficiency simulation 

procedure by coarse-graining graphene sheets and mimicking solid-liquid interaction using a 

virtual spherical interactive force field.   

 

Graphene will be modeled by a coarse-grained (CG) model, as illustrated in Figure 8a. 

Similar to the intrinsic lattice structure of full-atom graphene model, this graphene CG model 

is a hexagonal lattice, and each CG bead represents a certain number of carbon atoms in the 

full-atom model. The total energy of this CG model 𝐸𝐶𝐺   includes bond stretching energy 

𝐸𝑏𝑜𝑛𝑑, angular bending energy 𝐸𝑎𝑛𝑔𝑙𝑒, dihedral torsional energy 𝐸𝑑𝑖ℎ and non-bonded van 

der Waals energy 𝐸𝑣𝑑𝑊, and is  

𝐸𝐶𝐺 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑎𝑛𝑔𝑙𝑒 + 𝐸𝑑𝑖ℎ + 𝐸𝑣𝑑𝑊                    (37) 

For graphene-like 2D nanomaterials that will experience a large deformation, these energies of 

bonded interaction between CG beads can be expressed as 𝐸𝑏𝑜𝑛𝑑 = ∑ 𝐷0 [1 −
𝑛𝑏𝑜𝑛𝑑
𝑖=1

𝑒−𝛼(𝑑−𝑑0
𝑐𝑔
)]
2

 , 𝐸𝑎𝑛𝑔𝑙𝑒 = ∑ 𝑘𝜃(𝜃 − 𝜃0)
2𝑛𝑎𝑛𝑔𝑙𝑒

𝑖=1
 , and 𝐸𝑑𝑖ℎ = ∑ 𝑘∅[1 − 𝑐𝑜𝑠(2∅)]

𝑛𝑑𝑖ℎ
𝑖=1   (Ruiz et 

al., 2015), where 𝐷0 and 𝛼 are parameters of the potential well depth of bonds and 𝑑0
𝑐𝑔
 is 

the equilibrium distance of the CG bond, 𝑘𝜃 , 𝜃0 , and 𝑘∅  are the constant of bead angle, 

equilibrium angle and constant of dihedral in the CG model, respectively. 𝑛𝑏𝑜𝑛𝑑  𝑛𝑎𝑛𝑔𝑙𝑒  and 

𝑛𝑑𝑖ℎ are the number of bond, angle and dihedral in the CG model, respectively.  𝑑0
𝑐𝑔
 and 𝜃0 

determine the geometrical and scaling features of the CG model. For example, for the CG model 

with hexagonal lattice structure and 16:1 coarse-graining mapping, 𝑑0
𝑐𝑔
= 0. 56 nm and 𝜃0 =

120°. On the other hand, the continuum mechanics analysis to graphene-like 2D nanomaterials 

will lead to 𝛼 = 𝑙𝑜𝑔2/(𝜀𝑓𝑑0
𝑐𝑔
), where 𝜀𝑓 is the maximum failure strain of the 2D material; 

𝐷0 = √3ℎ𝐸𝐺/𝛼2(4𝐺 − 𝐸)  and 𝑘𝜃 = √3(𝑑0
𝑐𝑔
)
2
ℎ𝐸𝐺/6(3𝐸 − 4𝐺)  (Gillis, 1984), where 𝐺 

is the in-plane shear modulus of graphene and ℎ is the interlayer distance and is 0.34 nm for 
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graphene. Similarly, the parameters of CG model in the torsional energy 𝐸𝑑𝑖ℎ can be obtained 

by considering a pure bending deformation of 2D materials in continuum mechanics. For a 

rectangular shaped 2D sheet in length 𝐿𝑔 and width 𝑊𝑔 with a radius of curvature 𝑅𝑏 (insets 

in Figure 8c), based on the continuum mechanics analysis, the bending energy  𝐸𝑏𝑒𝑛𝑑 =

𝐵𝐿𝑔𝑊𝑔/2𝑅𝑏
2 (Liu and Xu, 2018). 𝐸𝑏𝑒𝑛𝑑 = 𝐸𝑑𝑖ℎ will lead to a linear correlation between 𝑘∅ 

and 𝐵 , 𝑘∅ = 𝛽𝐵 , where 𝛽  depends on the coarse-graining scale in the CG model. For 

example, it is 𝛽 = 0.0758 for 16:1 coarse-grained mapping and 𝛽 = 0.1125 for 4:1 coarse-

grained mapping (Ruiz et al., 2015).  

 

For non-bonded van der Waals energy 𝐸𝑣𝑑𝑊 in the CG model, similar to the full atomic 

model, it can be described by 12-6 Lennard-Jones (L-J) potential, and 𝐸𝑣𝑑𝑊 =

∑ ∑ 4𝜖 [(
𝜎

𝑑
)
12

− (
𝜎

𝑑
)
6

]
𝑛𝑏𝑒𝑎𝑑
𝑗=𝑖+1

𝑛𝑏𝑒𝑎𝑑−1
𝑖=1 , where 𝜖 is the potential well depth of CG beads and 𝜎 =

0.346 nm is the parameter associated with the equilibrium distance between two non-bonded 

CG beads. 𝑛𝑏𝑒𝑎𝑑 is the number of bead in the CG model and 𝑑 is the distance between two 

beads. For two layers of materials with an overlap area 𝐴𝑏 (inset in Figure 8d), the binding 

energy is 𝐸𝑏𝑖𝑛𝑑 = 𝛤𝑏𝐴𝑏, and 𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑣𝑑𝑊, i.e. 𝛤𝑏𝐴𝑏 = ∑ ∑ 4𝜖 [(
𝜎

𝑑
)
12

− (
𝜎

𝑑
)
6

]
𝑛𝑏𝑒𝑎𝑑
𝑗=𝑖+1

𝑛𝑏𝑒𝑎𝑑−1
𝑖=1  

leads to a linear correlation between 𝜖 and 𝛤𝑏 via 𝜖 = 𝜗𝛤𝑏. Similar to 𝛽, 𝜗 also depends 

on the coarse-graining scale in the CG model, and it is ϑ =2.1892 × 10−20 𝑚2  and 𝜗 =

1.84 × 10−19 𝑚2 for 4:1 and 16:1 coarse-grained mapping, respectively (Ruiz et al., 2015).  

 

For a well-defined coarse-graining scale of 16:1 in 2D material graphene, the potential 

parameters 𝐷0 , 𝛼 , 𝑘𝜃 , 𝑘∅  and 𝜖  in its CG model can be determined. For graphene, take 

𝐸 = 1 𝑇𝑃𝑎, 𝐺 = 450 𝐺𝑃𝑎, 𝜀𝑓 = 0.16 (Ruiz et al., 2015), 𝐵=2.38× 10
−19J and 𝛤𝑏=-0.232 

J/𝑚2, we can obtain 𝐷0=797.4283 kcal/mole, 𝛼=0.7736 Å
−1, 𝑘𝜃=1662.9 kcal/mole, 𝑘∅=2.6 

kcal/mole and 𝜖=6.15 kcal/mole by following above analysis. With these parameters in the CG 

mode, we performed both coarse-grained molecular dynamics (CGMD) and full-atom 

molecular dynamics (MD) simulations to validate our CG model. All the simulations were 

performed in LAMMPS (Plimpton et al., 2007). Figure 8b and c show the comparison of the 
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proposed CG model and full-scale atom model in tension and bending deformation, respectively. 

Both Young’s modulus and maximum tensile strength of graphene are well reproduced by the 

proposed CG model. Further, under a relatively broad range of bending angle 𝜃𝑏 , good 

agreement of the bending deformation is obtained between the CG model and full-atom model, 

which validates the CG model for the study of crumpling 2D graphene. Figure 8d shows that 

the non-bonded interaction between graphene sheet from CGMD simulations agrees well with 

that in full-atom MD simulations, indicating that the CG model can also be used to study the 

interactive binding energy of self-folding and assembly of graphene sheets. 

 

Once the CG model of graphene is validated, we will introduce a computational method to 

mimic the interactions of liquid molecules to graphene by employing a virtual spherical L-J 

force field. The simulation procedure consists of three steps: In the first step, the liquid droplet 

was replaced by a virtual sphere with radius 𝑅𝑑 = 𝑅𝑖. The initial positions of graphene were 

uniformly distributed on the outside surface of the sphere to mimic a uniform distribution of 

graphene in liquid droplet. The initial radius of sphere (𝑅𝑖) was determined based on the number 

of graphene sheets and area of each sheet to ensure no overlap between individuals and no self-

folding within a single sheet. The interaction between graphene and surface of the virtual sphere 

was modeled by a 12-6 L-J potential to mimic interaction between liquid droplet and graphene. 

By setting up the cut-off radius of the L-J potential 21/6𝜎 between graphene sheets and the 

sphere surface, there would be only repulsive for the sphere surface to the graphene and this 

setting would also not allow penetration of graphene sheet into the sphere. A constant force 

pointing to the center of the virtual sphere was added on each CG bead to provide a driving 

force for crumpling and assembling graphene, and the magnitude of force was determined by 

𝐹𝑏 =
𝑃𝑡𝐴𝑔

𝑡

𝑛𝑏𝑒𝑎𝑑
. Such the force depends on the evaporation pressure and reflects the influence of 

temperature on the liquid evaporation. After that, the system was equilibrated at 300 K for 2.0 

ns with NVT ensemble under Nose/Hoover thermostat. In the second step, all the settings in 

the first step would remain the same except that the radius of the virtual sphere decreased with 

time by following a well-defined function to mimic the evaporation process of liquid droplet 

(Holyst et al., 2013; Yang et al., 2012), which is 𝑅𝑑 = 𝑅𝑖 + (𝑅𝑒 − 𝑅𝑖)(𝑡𝑠 − 𝑡𝑖)/𝑡𝑒 , (𝑡𝑖 < 𝑡𝑠 ≤
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𝑡𝑖 + 𝑡𝑒) , where 𝑡𝑠  is the instantaneous time step during simulation, 𝑡𝑖  is the time period 

required for equilibrium of the system in the first step, and 𝑡𝑒 is the time period for the radius 

of sphere that changes from 𝑅𝑖 (initial radius of sphere) to 𝑅𝑒 (final radius of sphere). The 

evaporation rate is taken into account by the decreasing rate of radius of the virtual sphere 

|𝑅𝑒 − 𝑅𝑖|/𝑡𝑒  and was taken ~50 nm/ns  to ensure both stability of simulations and 

independence of assembled and self-folded morphology with the shrinking rate of the virtual 

sphere. Afterward, the NVT ensemble under Nose/Hoover thermostat that mimics a constant 

temperature of high-temperature furnace during evaporation in experiments was employed to 

monitor the crumpling and assembly of graphene sheets. In the third step, the applied force 

pointing to the center of sphere was removed at 𝑅𝑑 = 𝑅𝑒. Another 2 ns was performed under 

NVT ensemble to monitor the final morphology of assembled graphene sheets. The strain 

energy, binding energy, assembling energy and radius of gyration of assembled particle were 

documented every 0.01 ns during simulations to ensure sufficient data recorded. This 

simulation method has been validated with the excellent agreement of graphene deformation 

with full-scale modeling of graphene and water molecules (see appendix B). Further, we 

validate the combination of virtual sphere and equivalent evaporation pressure model by 

performing full-scale MD simulations and the good agreement of graphene deformation 

between the virtual sphere force field and full driving evaporation pressure models is obtained 

(see Appendix C). 

 

4. Results 

Figure 9a shows comparison of energy variation of a single graphene sheet with a size of 𝐿𝑔=40 

nm between theoretical and simulation results during the liquid evaporation. The radius of 

liquid droplet 𝑅𝑑  decreases from 𝑅𝑖 =100 nm to 𝑅𝑒 =1 nm, and the evaporation-induced 

pressure is taken 𝑃𝑡=10 atm and 𝑃𝑡=40 atm, respectively. With the increase of curvature of 

liquid droplet (𝜅𝑑=1/𝑅𝑑), both the deformation energy 𝐸𝑑𝑒𝑓 (i.e. 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

 in the mechanics 

model, Eq. (18)) and binding energy 𝐸𝑏𝑖𝑛𝑑 (i.e. 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 in the mechanics model, Eq. (19)) 

under 𝑃𝑡 =10 atm remain zero, indicating there is no self-folding in the graphene, in good 

agreement with snapshots in Figure 9b. This unfolding is caused by the absence of binding 
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energy 𝐸𝑏𝑖𝑛𝑑 which will prevent the “bouncing back” of initial bending deformation, and is 

well predicted by Eq. (22), where a small graphene sheet cannot be folded by a weak driving 

force for graphene 𝐿𝑔=40 nm (< critical 𝐿𝑔
𝑐 = √𝐴𝑔

𝑐=61.34 nm when 𝑃𝑡=10 atm from Eq. (22)) 

or pressure of 𝑃𝑡=10 atm (< critical 𝑃𝑡
𝑐=36.05 atm when 𝐴𝑔=1600 𝑛𝑚

2 from Eq. (22)). At 

a higher pressure, 𝑃𝑡=40 atm, both 𝐸𝑑𝑒𝑓 and 𝐸𝑏𝑖𝑛𝑑 increase after a critical evaporation time, 

and a folded graphene is obtained, as shown in snapshots in Figure 9b. Besides, the good 

agreement of these energies between simulation and theoretical predictions indicates that 

deformation and self-folding can be well captured by our rotational spring-mechanical slider 

model. For a larger graphene sheet (𝐿𝑔=100 nm), both 𝐸𝑑𝑒𝑓 and 𝐸𝑏𝑖𝑛𝑑 (Figure 9c) show non-

zero magnitudes with the evaporation of liquid, and a higher pressure leads to higher 

magnitudes. As a consequence, successful folded patterns of graphene are obtained with a 

higher crumpling density at a higher pressure, as indicated in Figure 9d. More importantly, the 

good agreement between theoretical predictions and simulations remains.     

 

Both the pressure and graphene sheet size can affect the final folded morphology as well as 

the deformation energy and binding energy after complete evaporation of liquid. The 

equilibrated energy of graphene sheet during simulation is extracted and compared with the 

theoretical predictions. Figure 10a plots the comparison of equilibrated energy of graphene after 

complete evaporation of liquid between the theoretical predictions and simulations. Both the 

deformation energy and binding energy increase (magnitude) linearly with the increase of 

graphene area 𝐴𝑔 , suggesting a favorable crumpling process for large graphene. More 

importantly, the energies show good agreement between simulations and theoretical predictions. 

In particular, zero deformation and binding energies in the extremely small graphene that 

correspond to an unsuccessful folding under the evaporation pressure 𝑃𝑡 =10 atm are well 

captured by our theoretical model (Eq. (22)). For a higher pressure 𝑃𝑡 =40 atm, the good 

agreement between theoretical prediction and simulations still remains (Figure 10b). The 

minimum size of graphene sheet for a successful folding decrease and the magnitude of 

deformation energy 𝐸𝑑𝑒𝑓 increases, while the binding energy 𝐸𝑏𝑖𝑛𝑑 remains approximately 

the same. These different responses to pressure are dependent of intrinsic deformation nature 
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that 𝐸𝑑𝑒𝑓 is sensitive to local curvature of bending deformation and 𝐸𝑏𝑖𝑛𝑑 is determined by 

overlap area in graphene (Zhu et al., 2012), and also agree with the spring constant and slider 

constant in Eqs. (18) and (19). These different crumpling energies in these graphene sizes and 

evaporation pressures reflect different crumpling morphologies. In particular, if the graphene 

is large enough, the size of first folded graphene may be larger than the critical length to be 

folded and multiple foldings are expected. 

 

To illustrate the multiple folding of graphene by liquid evaporation, simulations on series 

of a single graphene sheet with different sizes were performed. Figure 11 shows the map of 

folded graphene as the variation of pressure after complete evaporation of liquid water, where 

the local curvature distribution on the folded graphene is given to highlight the folding density 

and locations. When the graphene size is small and the evaporation pressure is low, the 

graphene sheet cannot be folded and is referred to the “unfold” region. When either the pressure 

or graphene size increases, a successful folding such as “racket-like” pattern is observed, 

referred to as a “racket-like” region in the map, similar to the folding pattern of graphene 

nanoribbon (Liu et al., 2016; Liu and Xu, 2018; Ortolani et al., 2012). In particular, when the 

graphene size or pressure continues to increase, folding becomes intense and multiple foldings 

are observed. Besides, higher pressure or larger graphene size is, the stronger folding with 

larger folding curvature will be, which echoes well with higher deformation and binding 

energies in Figure 10. The folded pattern with intense folding, in particular with multiple 

foldings, is similar to a shape of spatial particle, referred to as a “particle” region and its size 

decreases with the increase of folding pressure. With the definition of these three deformation 

regions, their transition can be further predicted through the theoretical analysis by Eq. (22). 

The good agreement between theoretical predictions and simulations in Figure 11 further 

validates the energy analysis through the proposed rotational spring-mechanical slider model.  

 

When there are multiple graphene sheets in liquid droplet, similar simulations were 

performed, and 5 pieces of square graphene sheets with size of 𝐿𝑔=100 nm were taken as an 

example. In the simulations, the initial radius of liquid droplet was 𝑅𝑖=100 nm to ensure no 

overlap between each graphene sheets at the equilibrium, and the final radius of liquid droplet 
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after complete evaporation of liquid was set to be 𝑅𝑒=1 nm to make sure the droplet is small 

enough for a sufficient crumpling and assembly of graphene sheets. Figures 12a and b shows 

the comparison of energy variation between theoretical predictions via Eqs. (23)-(31) and 

simulations for their assembling and self-folding with liquid evaporation under the evaporation 

pressure of 10 atm and 40 atm, respectively. The deformation energy 𝐸𝑑𝑒𝑓 (i.e. 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

 in 

Eqs. (23) and (27)), binding energy 𝐸𝑏𝑖𝑛𝑑 (i.e. 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 in Eqs. (24) and (28)) and assembling 

energy 𝐸𝑎𝑠𝑚 (i.e. 𝐸𝑎𝑠𝑚 in Eq. (29)) all increase (magnitude) rapidly at the onset of liquid 

evaporation and then reach a plateau when the size of droplet is small enough (𝜅𝑑>0.1 𝑛𝑚
−1). 

Similar to that in a single graphene sheet in Figure 9, the increase of 𝐸𝑑𝑒𝑓  and 𝐸𝑏𝑖𝑛𝑑 

(magnitude) with evaporation reflects the crumpling or self-folding of graphene associated with 

generation and propagation of folded ridges, and higher pressure leads to larger 𝐸𝑑𝑒𝑓  and 

𝐸𝑏𝑖𝑛𝑑 . The appearance and increase of 𝐸𝑎𝑠𝑚  with evaporation represents the assembly of 

multiple graphene sheets and higher pressure leads to lower 𝐸𝑎𝑠𝑚  (magnitude). The final 

stable stage of these energies suggests the arrival of crumpled and assembled graphene with a 

stable pattern. Besides, higher pressures lead to higher 𝐸𝑑𝑒𝑓 , 𝐸𝑏𝑖𝑛𝑑 , and lower 𝐸𝑎𝑠𝑚 , 

promoting both crumpling and self-assembly of graphene sheets. In parallel, the variation of 

energies with evaporation (i.e. radius of liquid droplet) can be predicted by Eq. (31) and the 

results show excellent agreement with the simulation results for both evaporation pressures, as 

shown in Figure 12a and b, which validates the proposed network mechanics model of 

rotational spring-mechanical slider for multiple graphene sheets.   

 

In order to monitor the evolution of morphology and size of the folded particles during the 

liquid evaporation, Figure 12c and d give the mass distribution of coarse-grained carbon beads 

𝑛𝑟/𝑛𝑏𝑒𝑎𝑑  along the radial direction, where 𝑛𝑟  and 𝑛𝑏𝑒𝑎𝑑  is the number of beads at the 

position of 𝑟  and total number of beads in the graphene particle, respectively. We should 

mention that the centroid of assembled graphene particle may not the same as the center of 

liquid sphere and the starting point of each distribution could be smaller than the instantaneous 

𝑅𝑑 of liquid droplet radius. At the beginning of evaporation (𝜅𝑑=0.01 𝑛𝑚
−1)  most of the 

beads are distributed on the surface of sphere, which corresponds to uniform distribution of 
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graphene sheet (see inset), resulting in the distribution limited to a narrow region with an 

extremely high peak. With the liquid evaporation, the peak becomes lower and the distribution 

region of beads becomes wider, which is led by the out-of-plane deformation in crumpling and 

assembly of graphene. After complete liquid evaporation (𝜅𝑑 =1 𝑛𝑚
−1 ), the mass shows a 

normal distribution spanning across the entire particle, leading to a “ball-like” particle of 

assembled graphene. The insets further illustrate the evolution of morphology of graphene 

sheets. When the evaporation pressure increases from 10 atm to 40 atm, similar mass evolution 

with liquid evaporation is also observed, but is more concentrated with a higher peak after 

complete liquid evaporation, in good agreement with a denser assembly of graphene in a higher 

evaporation pressure. 

 

Figure 13a and b give the simulation snapshots of graphene sheets with liquid evaporation 

and the ridge distribution in one of the representative graphene sheets (marked in blue and 

numbered as (I)) under these two different pressures. At the beginning of evaporation (𝜅𝑑=0.01 

𝑛𝑚−1), graphene sheets were distributed uniformly without any overlap between each other on 

the surface of liquid sphere and the small curvature in the graphene results from the deformation 

due to the conformal contact between graphene and liquid droplet. This conformal contact with 

small deformation in each individual graphene but without assembly continues with the 

evaporation till the 𝜅𝑑~0.033 𝑛𝑚
−1. Afterward, graphene sheets start to contact with each 

other, in consistence with the appearance of self-assembly energy 𝐸𝑎𝑠𝑚 in Figure 12a. Once 

self-assembly begins, graphene will be subjected to a biaxial compression strain due to 

interaction with adjacent ones. As a consequence, folding ridges increase and propagate and 

more importantly, they bifurcate beyond the main folding axis of symmetry, which in turn 

accelerates a rapid increase of 𝐸𝑎𝑠𝑚  as obtained in Figure 12a. With further evaporation, 

𝜅𝑑 >0.1 𝑛𝑚
−1 , the crumpled and assembled pattern becomes stable and the ridges will not 

increase with approximately stable local curvatures in the graphene sheets, also in good 

agreement with the arrival of the stable energies in Figure 12a. When the evaporation pressure 

increases from 10 atm to 40 atm, similar evolutions of crumpling and assembly but intense 

local ridges in both size and curvature in the representative graphene sheet are observed. 

Besides, more numbers and larger sizes of ridges are obtained and an assembled particle with 
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more intense crumpling is obtained, which also agrees with higher energies in Figure 12b. To 

compare the crumpling morphology of each graphene sheet in the assembled graphene particle 

after complete evaporation of liquid, Figure 14 gives morphology of the particles and the 

density of ridges with local deformation curvatures in these five graphene sheets under these 

two different evaporation pressures. The higher density of ridges under higher pressure is 

further confirmed. We further calculate the ridge density (𝐷𝑟 ) by the image processing 

algorithm (Liang et al., 2017) (Figure A6), as given in Figure 14 c and d. Under the same 

evaporation pressure, although the distribution of ridges is different among each individual 

sheets, their total ridge density is approximately the same, suggesting the equality of crumpling 

and assembly in each graphene sheet by evaporation pressure.  

 

Figures 15a and b shows the comparison of crumping and assembly energy in the final 

folded particle with the total area of graphene between the theoretical predictions and 

simulations under these two evaporation pressures. Similar to that in a single graphene sheet in 

Figure 10, the deformation energy 𝐸𝑑𝑒𝑓, binding energy 𝐸𝑏𝑖𝑛𝑑 and assembling energy 𝐸𝑎𝑠𝑚 

increase (magnitude) with the increase of total area of graphene, and higher pressures lead to 

larger energies. The larger 𝐸𝑏𝑖𝑛𝑑 indicates an intense deformation, in good consistence with a 

larger 𝐸𝑑𝑒𝑓 ; a larger 𝐸𝑎𝑠𝑚  indicates a closer packing of each deformed graphene. Good 

agreement between simulations and theoretical results is obtained. More importantly, given the 

total area of graphene sheets, this agreement is independent of numbers of graphene sheets. 

 

Figure 16a shows the effect of evaporation pressure on the mass distribution in assembled 

particles after complete evaporation of liquid. Higher pressure will lead to a higher peak with 

narrower distribution, indicating that the increase of the pressure will promote the crumpling 

of graphene and will also enhance the geometric regularity of assembled particles toward a 

“ball-like” shape. However, the location of peaks is nearly the same, implying the averaged 

size of assembled particles is insensitive to evaporation pressure. When the total area of 

graphene 𝐴𝑔
𝑡  increases, Figure 16b shows that the location of peaks shifts to a high position 

and larger particles will be assembled, which agrees well with experimental measurements (Luo 

et al., 2011; Ma et al., 2012) (Figure 1b). In addition to the size of particles, the surface 
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roughness of particles is directly related to the out-of-plane deformation of 2D sheets, which is 

controlled by the total area and evaporation pressure. Figure 16c gives the comparison of the 

ridge density (𝐷𝑟) between theoretical predictions (Eq. (34)) and simulations in all the graphene 

layers within a single particle. As the liquid evaporates, the density of ridges shows a rapid 

increase at the beginning and then arrives at a stable stage. Besides, higher pressures lead to 

large densities. Note that in the image processing algorithm to simulation results, the wrinkles 

with small curvatures at the initial stage of liquid evaporation are not considered as folds, 

leading to a small overestimate of the ridge density over theoretical predictions. Figure 16d 

further shows comparison of ridge density in the final folded particle between the theoretical 

predictions and simulations with the evaporation pressure. The ridge density increases with the 

increase of pressure. Both the evolutions of crumpling and assembly of graphene with liquid 

evaporation and the effect of pressure are well consistent with variations of energies in Figure 

12. More importantly, they are captured by the theoretical prediction with good agreement with 

simulations.  

 

Figure 17 summarizes the assembled particles by square graphene sheets (𝑛𝑙=10) with the 

same size as a function of the total area and evaporation pressure. The curvature is given to 

illustrate the local deformation and morphologies of particles. The ratio between the crumpled 

area and assembled area 𝜁=𝐴𝑏𝑖𝑛𝑑/𝐴𝑎𝑠𝑚 and the radius 𝑅𝑔(in nanometer) of each particle is 

also given, denoted as (𝜁, 𝑅𝑔). At a small evaporation pressure and total area of graphene (e.g. 

𝐴𝑔
𝑡   20000 𝑛𝑚2  and 𝑃𝑡  20 atm), these multiple graphene sheets will experience assembly 

with very limited deformation on individual graphene during evaporation, similar to that 

unfolded region I for a single graphene sheet in Figure 11, where this region is “assembly 

dominant” (𝜁 < 0.1). Increasing evaporation pressure or the total area of graphene, crumpling 

deformation in individual graphene occurs, and local ridges with large curvatures will appear 

on the surface of particles, where this region reflects the competition between assembly and 

crumpling. The transition of regions between the “assembly dominant” and “assembly & 

crumpling” (0.5 ≤ 𝜁 ≤ 0.1) can be predicted well through our theoretical model via Eq. (32). 

At both high pressure and large total area of graphene sheets, crumpling in individual sheets 
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will become intense associated with increased local ridges and high local curvatures, where it 

is referred to as crumpling dominant region (𝜁 > 0.5 ). Similarly, the transition between 

“assembly & crumpling” and “crumpling dominant” region can also be predicted in theory via 

Eq. (32) with good agreement each other. This deformation map further confirms that the 

overall size of the assembled particles is independent of evaporation pressure, but their overall 

profile in geometry are close to be spherical at high pressure. To demonstrate the role of 

graphene assembly in the formation of particles by liquid evaporation, Figure 18 highlights the 

regions where individual crumpled graphene sheet is closer enough in the assembled particles 

and the assembly energy needs to take into account. The assembled areas over the total area 

will decrease with the increase of evaporation pressure, in line with the intense ridge densities 

that will reduce the deformed area of graphene in assembly. In contrast, it remains 

approximately the same with the increase total area of graphene, although the total assembly 

area increases.   

  

In addition to the theoretical prediction to the morphology evolution and energy variations 

of crumpling and assembling graphene sheets by liquid evaporation, the energy of assembled 

particles after complete evaporation of liquid can be employed to estimate the overall size and 

accessible area of assembled ball-like particles as demonstrated in Eq. (35). Figure 19a gives 

the comparison of the overall radius of particles 𝑅𝑔  between simulations and theoretical 

analyses. The experimental results available from the works of literatures are also included. 

Our theoretical predictions show remarkable agreement with both simulations and experimental 

results. The independent of evaporation pressure is also consistent with mass distribution in 

Figure 16a. With Eq. (36), the accessible area of the assembled particle can also be predicted 

and show good agreement with simulations, as shown in Figure 19b. More importantly, the 

slope in their linear relationship is 0.6239 for 𝑃𝑡=10 atm and 0.6155 for 𝑃𝑡=40 atm, insensitive 

to evaporation pressure, which are also close to 0.586 reported in the simulations (Cranford and 

Buehler, 2011) and experiments (Luo et al., 2011), 

 

5. Discussion 

In experiments, given the same concentration of graphene in liquid solutions, graphene sheets 
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may have variations of shapes, sizes, and numbers (Jiang et al., 2016; Luo et al., 2010; Zhang 

et al., 2009). These parameters may influence the crumpling and assembly process during 

evaporation and the eventual morphology and size of assembled particles. Take the squared 

graphene as an example, given a series of total area of graphene in solvent solution, Figure 20 

plots the map of sizes and morphologies of the assembled particles by different numbers of 

graphene sheets after complete liquid evaporation under evaporation pressure of 20 atm. 

Similar to that in Figure 17, the local curvature distribution 𝜅 , and the ratio between the 

crumpled area and assembled area 𝜁=𝐴𝑏𝑖𝑛𝑑/𝐴𝑎𝑠𝑚 and the radius 𝑅𝑔(in nanometer) of each 

particle, (𝜁, 𝑅𝑔) are highlighted. When the total area of graphene sheets is kept the same, the 

overall size (𝑅𝑔) of assembled particles show no significantly difference while 𝜁 decreases 

with the increase of 𝑛𝑙. This different response is because the area of individual sheet will 

decrease with the increase of 𝑛𝑙, leading to the 𝐴𝑔
(𝑖)
 close to 𝐴𝑔

𝑐  (Eq. (22)) and suppressing 

the self-folding of graphene sheets. Larger 𝑛𝑙 will require larger total areas of 2D sheets to 

self-folding deformation in the 2D sheet, as shown in Eq. (33). At the same time, both the 

overall size and density of ridges will increase with the increase of total area of graphene sheets, 

similar to the results in Figure 17.  

 

Further, we consider the size distribution of graphene sheets in liquid solutions in 

experiments. As observed in the synthesis of graphene (Zhang et al., 2009), the normal 

distribution is employed to take into account the area variation of graphene sheets via 𝑛(𝐴𝑔) =

1

√2𝜋
𝑒𝑥𝑝 (−

(𝐴𝑔−𝐴𝜇)
2

2𝐴𝜎
2 ) , where 𝐴𝑔  is the area of graphene sheet and 𝑛(𝐴𝑔) is the number of 

sheets at this area. 𝐴𝜇 is the median area and 𝐴𝜎 is the standard deviation. Consider the total 

area 𝐴𝑔
𝑡   and number of graphene sheets 𝑛𝑙  in the liquid solution, we define the standard 

median as 𝐴𝜇 = 𝐴𝑔
𝑡 /𝑛𝑙, and the standard deviation can be determined by 𝐴𝜎 = 𝐴𝜇/𝑚 (𝑚 is 

integer and 𝑚 ≥ 3  to ensure 𝐴𝑔 > 0 ). In our simulations, five cases at 𝑛𝑙 =10 with 𝐴𝜇 −

2𝐴𝜎 , 𝐴𝜇 − 𝐴𝜎 ,  𝐴𝜇 , 𝐴𝜇 + 𝐴𝜎  and 𝐴𝜇 + 2𝐴𝜎  under evaporation pressure of 20 atm are 

studied and graphene remains a squared shape. Figure 21 gives the map of sizes and 

morphologies of particles as a function of standard deviation of the area. The difference of size 

among individual graphene sheet only slightly causes a small change in both size and 
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morphology of assembled particles. In addition, by taking four different shapes of graphene 

sheets, square, rectangle with an aspect ratio of 2, circle and equilateral triangle, we performed 

the simulations on the effect of graphene geometry on assembled particles after complete 

evaporation of liquid. Figure 22 gives the map of assembled particles. Significant change of the 

overall particle size and morphology is not observed, similar to that effect of graphene number 

and shape size in Figures 20 and 21. The strong dependence of the total area of graphene sheets, 

but very insensitive to individual graphene number, shape geometry and size suggests the 

importance of graphene concentration in the crumpling and assembly process of graphene 

sheets into particles, which also agrees well with experiments.  

 

As a quantitative characterization of these effects, Figure 23 plots the effect of number, size 

distribution and shape of graphene sheets on the mass distribution in assembled particles after 

complete evaporation of liquid. Moreover, the overall size and accessible area in these 

assembled particles are also collected and are plotted in Figure 19. These data show good 

agreement with theoretical predictions, which further indicates their insensitivities to these size 

and geometric factors of individual graphene sheets and also confirms the robustness of our 

proposed rotational spring-mechanical slider mechanics model.  

 

We should mention that these 2D graphene sheets before deformation by liquid in above 

analyses are conducted on the basis of pristine graphene that can be considered a 

homogeneous thin film in continuum mechanics, and the effect of defects, edge configurations 

and chirality, and the resultant initial deformation morphologies that may influence the 

crumpling and assembling process during evaporation are not considered. For example, the 

edge stress may exist due to different bonding configurations of atoms at the edge of free 

standing 2D materials such as graphene (Lu and Huang, 2010; Shenoy et al., 2008). Such 

stress will lead to local wrinkling of edge and even curling deformation in graphene sheets, in 

particular, in graphene nanoribbons with a large aspect ratio (Shenoy et al., 2008; Shenoy et 

al., 2010), and the 2D sheet will not remain a planar form. When these edge stressed 2D sheets 

are in contact with the surface of liquid droplet, the edge stress is expected to increase the 

compressive hoop strain (Eq. 8) near the edges and leads to a higher energy for the fully 
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conformal contact, which will benefit the subsequent wrinkling or buckling of 2D sheet near 

the edge.  

 

In addition, once 2D materials are immersed in the liquid solution, we assume a 

homogenous distribution of 2D sheets is achieved in the liquid solution with full exfoliation 

of 2D materials prior and no overlapped multiple layers exist. By contrast, when the proposed 

theoretical models are extended to study the crumpling and assembling process of 2D layered 

materials such as 2D heterostructures, where the mechanical properties including Young’s 

modulus, bending stiffness and binding energy density that are needed in the models needs to 

be calibrated for the 2D layered materials as a whole rather than their individual layer 

components, it is expected that the shear stress led by evaporation is usually very small and 

cannot lead to delamination of the layered materials. For example, delaminating a multiple 

layered graphene structure with sole weak van der Waal interactions will require the shear 

stress as high as 0.4 GPa (Chen et al., 2015), while our calculation in Eq. 5 show that the shear 

stress (𝑃𝑠) by the capillary flow exerted on the surface of 2D sheet is only 5.69 Pa at the 

evaporation temperature of 900°C, eight orders of magnitude lower than that of the required 

delamination stress (0.4 GPa). In addition, the wrinkling and folding in 2D layered materials 

may be different from that of a 2D material planar sheet because of a small local deformation 

gradient may exist along the thickness direction (Ye et al., 2012), but local delamination is 

also not expected under such small deformation. As a result, the 2D layered materials as a 

whole will experience mechanical deformation such as wrinkling and folding and the local 

deformation gradient can be taken into account by introducing a local strain or stress into the 

continuum mechanics model via Eq. (8). 

 

6. Concluding remarks 

We have proposed a theoretical mechanics framework of the rotational spring-mechanical slider 

model to quantitatively describe the crumpling and self-assembling of 2D material sheets 

suspended in liquid droplets prior by liquid evaporation. An equivalent evaporation pressure 

model that takes account of capillary force, vapor pressure, gas pressure, vapor recoil pressure 

and capillary flow-induced force is developed to unify the driving force of crumpling and 
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assembling 2D materials by liquid evaporation. In the theoretical model of rotational spring-

mechanical slider, rotational spring model is introduced to describe the out-of-plane large 

deformation of 2D material sheets and the mechanical slider is developed to take account of 

van der Waal binding energy in overlaps of both self-folding deformation of individual sheets 

and self-assembly among multiple sheets. Both of them are correlated with the continuum 

mechanics model of self-folding deformation of 2D sheets and the associated parameters are 

determined with the help of energy analysis. Further, the extended network mechanics model 

composed multiple pairs of rotational spring-mechanical slider and inter-layer mechanical 

slider is developed to understand the energy competition between crumpling and self-

assembling deformation and is used to determine the critical evaporation conditions and 

geometric features of 2D sheets toward successful assembly of stable particles after complete 

evaporation of liquid. Besides, the energy of final assembled particles after complete 

evaporation of liquid is formulated to predict the surface morphology and size.  

To validate the proposed theoretical model, we have developed a coarse-grained molecular 

dynamics (CGMD) model for 2D material sheets and also proposed a computational procedure 

to simulate solid-liquid interactions through a virtual spherical force field. The CG model of 

2D materials is well calibrated by comparing with the full-scale atomistic model including 

stretching, bending and adhesive deformation with a focus on their corresponding energy. The 

virtual spherical force field is applied to the CG model of 2D materials through the well-defined 

decreasing rate of spherical radius to mimic an evaporation process of liquid at an elevated 

temperature and is confirmed with good agreement with full-scale simulations on solid-liquid 

interactions. Comprehensive CGMD simulations were performed to reveal the effect of 

geometric shape, number, size and area of 2D material sheets on their evolution of energy and 

morphology during crumpling and assembling by liquid evaporation and show remarkable 

agreement with theoretical predictions. In particular, the transition between crumpling and 

assembling deformation when evaporation conditions and geometric features of 2D materials 

change are well captured by the theoretical analysis of the proposed rotational spring-

mechanical slider model. More importantly, good agreement between simulations and 

theoretical predictions on both overall size and accessible area of assembled stable particle after 

complete evaporation of liquid is obtained, and both of them are also in a good consistency 
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with independent experimental results in literatures. 

 

It is envisioned that the developed mechanics scheme of rotational spring-mechanical 

slider model will advance our understanding of large deformation, instabilities and self-

assembly of 2D nanomaterials under dynamic solid-liquid interaction environments, and could 

also be extended to study liquid evaporation-induced deformation of a broad variety of 

nanomaterial such as lipid members, nanowires, and nanofibers and beyond 2D nanomaterials. 

In addition, the theoretical model and computational procedure at the large scale are expected 

to shed immediate light on controlling the overall size and morphology of 2D nanomaterials-

based crumpled particles made by aerosol processing. It should also be useful for guiding the 

printing process of 2D materials for applications in high-performance electrodes, 

supercapacitors and sensors, where large deformation, instabilities and self-assembly of 2D 

nanomaterials are expected by liquid evaporation of droplet on substrates.     
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Appendix A. Theoretical correlation among 𝑨𝒈, 𝑩 and 𝑷𝒕 

Before the emergence of binding energy, the total energy for a liquid evaporation-driven folding 

of a single 2D sheet is 

𝐸𝑡𝑜𝑡 = 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

+ 𝐸𝑝                            (A1) 

The self-folding deformation of 2D sheets stops at 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑=0 , i.e. 𝑑𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

/𝑑𝜅𝑑+𝑑𝐸𝑝/

𝑑𝜅𝑑 =0. From Eq. (18),  𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

= 1/2𝑘𝑠(𝜃𝑡 − 𝜋)
2  and 𝜃𝑡 = 𝜋𝐴𝑝𝑟/(𝐴𝑝𝑟 + 𝜋𝐴𝑔/4 − 𝐴𝑠) 

where 𝐴𝑝𝑟 = (𝐵𝑅𝑑/𝑃𝑡)
1

4𝜋𝐿𝑔/2 , 𝐴𝑠 = 2𝜋𝑅𝑑
2[1 − 𝑐𝑜𝑠 (𝐿𝑔/2𝑅𝑑)]  and 𝜅𝑑 = 1/𝑅𝑑 . We can 

further write 𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

 as a function of 𝜅𝑑,  

𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

= 𝐵𝜋2
𝐴𝑔

𝑡2
√
𝑃𝑡

𝐸
(
𝐷

𝐶
)
2

                        (A2) 

where 𝐶 = 2(𝐵/𝑃𝑡)
1

4𝐿𝑔𝜅𝑑

7

4 + 𝐴𝑔𝜅𝑑
2 − 8 + 8 𝑐𝑜𝑠(𝐿𝑔𝜅𝑑/2)   and 𝐷 = 8 − 8 𝑐𝑜𝑠(𝐿𝑔𝜅𝑑/2) −

𝐴𝑔𝜅𝑑
2.                

Similarly, the potential energy 𝐸𝑝 can also be expressed as a function of 𝜅𝑑, which is 

𝐸𝑝 = 𝑃𝑡[𝐹 + 𝑀𝐻 + 𝐽]                        (A4) 

where  𝐹 = (𝐵/𝑃𝑡)
1

4𝜋𝐿𝑔𝜅𝑑
−
5

4/2 + 𝐴𝑔/𝜅𝑑 − 2𝜋/𝜅𝑑
3 + 2𝜋 𝑐𝑜𝑠(𝐿𝑔𝜅𝑑/2) /𝜅𝑑

3 , 𝑀 = [𝜋(𝐵/

𝑃𝑡)
1

4𝐿𝑔𝜅𝑑
−
1

4/2 + 𝐴𝑔 − 2𝜋/𝜅𝑑
2 + 2𝜋 𝑐𝑜𝑠(𝐿𝑔𝜅𝑑/2) /𝜅𝑑

2]

3

2

/2 , 𝐻 = 𝑐𝑜𝑠 (𝜋𝐿𝑔(𝐵/𝑃𝑡)
1

4𝜅𝑑

7

4/𝐶) 

and 𝐽 = 2𝜋/𝜅𝑑
3 − 2𝜋 𝑐𝑜𝑠(𝐿𝑔𝜅𝑑/2)/ 𝜅𝑑

3.  

𝑑𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

/𝑑𝜅𝑑+𝑑𝐸𝑝/𝑑𝜅𝑑=0 yields  

2𝐵𝜋2
𝐴𝑔

𝑡2
√
𝑃𝑡

𝐸
[
𝐷𝐷′𝐶−𝐷2𝐶′

𝐶3
] + 𝑃𝑡[𝐹

′ +𝑀′𝐻 +𝑀𝐻′ + 𝐽′] = 0          (A6) 

When 𝐴𝑔, 𝐵 and 𝑃𝑡 are given, the solution to Eq. (A6) can be solved numerically, referred 

to as 𝜅𝑑
𝐸, and it will depend on the energy competition between self-folding deformation of 2D 

sheets and evaporation pressure.   

 

In parallel, when we write 𝜃𝑡 as a function of 𝜅𝑑, we will have  
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𝜃𝑡 =
2𝜋𝐴𝑔

1
2(

𝐵

𝑃𝑡
)

1
4

𝜅𝑑

7
4

𝐶  
                            (A7) 

When the binding energy needs to be considered, the critical angle 𝜃𝑡
𝑐 can also be expressed 

as 

𝜃𝑡
𝑐 =

𝜋

1+(
4𝐸𝜅

𝑑

1
2

𝜋2𝐴𝑔𝑃𝑡

1
2𝐵

1
2

)

1/9

𝑡4/9

                         (A8) 

𝜃𝑡 = 𝜃𝑡
𝑐 yields 

2𝜋𝐴𝑔

1
2(

𝐵

𝑃𝑡
)

1
4

𝜅𝑑

7
4

2𝐴𝑔

1
2(

𝐵

𝑃𝑡
)

1
4

𝜅𝑑

7
4+𝐴𝑔𝜅𝑑

2−8(1−𝑐𝑜𝑠(
𝐿𝑔

2
𝜅𝑑))  

−
𝜋

1+(
4𝐸𝜅

𝑑

1
2

𝜋2𝐴𝑔𝑃𝑡

1
2(𝐵)

1
2

)

1
9

𝑡
4
9

= 0          (A9) 

 

Similar to Eq. (A6), we can numerically solve Eq. (A9) and its solution, referred to as 𝜅𝑑
𝐺, 

depends on the geometrical analysis.  

 

Given 𝐴𝑔, 𝐵 and 𝑃𝑡, if 𝜅𝑑
𝐸 > 𝜅𝑑

𝐺 , the folding will stop without adhesive van der Waals 

energy and the deformed 2D sheet will recover; 𝜅𝑑
𝐸 < 𝜅𝑑

𝐺  will suggest that the folding stops 

after the emergence of van der Waals energy, and the deformed 2D sheet will be obtained with 

a stable folded pattern; 𝜅𝑑
𝐸 = 𝜅𝑑

𝐺  corresponds to the critical condition. Take the 2D material 

graphene as an example, Figure A4a plots the variation of 𝜅𝑑
𝐸 and 𝜅𝑑

𝐺 with the area of 2D 

sheets under different pressures. At 𝑃𝑡=10 atm, small graphene sheets cannot be folded, in good 

consistence with 𝜅𝑑
𝐸<𝜅𝑑

𝐺. With the increase of graphene sheet area, both 𝜅𝑑
𝐸 and 𝜅𝑑

𝐺 decrease, 

and after a critical large area of graphene sheet, 𝜅𝑑
𝐸 > 𝜅𝑑

𝐺, indicating a successful self-folding 

of graphene by liquid evaporation. Define the graphene area as the critical area 𝐴𝑔
𝑐  at 𝜅𝑑

𝐸 =

𝜅𝑑
𝐺. It decreases with the increase of evaporation pressure, suggesting that higher evaporation 

pressure promote the self-folding of graphene. Figure A4b further gives the plots of 𝜅𝑑
𝐸 and 

𝜅𝑑
𝐺 as a function of the evaporation pressure. At 𝐴𝑔=800 𝑛𝑚

2 and a low evaporation pressure, 

we always have 𝜅𝑑
𝐸<𝜅𝑑

𝐺. With the increase of evaporation pressure, 𝜅𝑑
𝐺 decreases, and 𝜅𝑑

𝐸 

increases, eventually leading to 𝜅𝑑
𝐸 > 𝜅𝑑

𝐺  beyond this, the self-folding of graphene will happen. 
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Similar to the definition of 𝐴𝑔
𝑐 , we define the critical evaporation pressure as 𝑃𝑡

𝑐 at 𝜅𝑑
𝐸 = 𝜅𝑑

𝐺. 

Smaller 𝑃𝑡
𝑐 is obtained for large areas of graphene sheet, indicating larger graphene is easier 

to be folded than smaller one by liquid evaporation. Further, Figure A4c illustrates 𝐴𝑔
𝑐  

increases with the increase of layer numbers of graphene sheet (i.e. the bending stiffness, 𝐵) 

under the same evaporation pressure, indicating the 2D sheet with a lower bending stiffness is 

much easier to be folded. When the evaporation pressure changes, similar results are also 

obtained in Figure A4d, 

 

Based on these analyses and with the help of the dimensional analysis, we can summarize 

the relationship among the critical area 𝐴𝑔
𝑐   of 2D sheets, the bending stiffness 𝐵  and the 

evaporation pressure 𝑃𝑡 and it can be written as  

𝐴𝑔
𝑐 = 𝜂 (

𝐵

𝑃𝑡
)

2

3
                            (A10) 

Eq. (A10) is confirmed by substituting it into Eqs. (A6) and (A9) with the same solutions 

between them. Figure A5 shows the linear relationship between 𝐴𝑔
𝑐   and (𝐵/𝑃𝑡)

2/3 , which 

further validates the expression of Eq. (A10). Note that the 𝜂 =98.82 can be obtained by the 

best linear fit of the numerical solutions to Figure A5, independent of bending stiffness of 

graphene and areas. We note that when the 2D sheet experiences uniform deformation, 

theoretical analysis shows 𝜂 = 4𝜋2 which has also been plotted in Figure A5. 
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Appendix B. Validation of solid-liquid interaction using a virtual spherical L-J force field 

and approach 

The full-atom simulation system consisted of 4200 SPC/E water molecules (Mark and Nilsson, 

2001) (corresponding the volume of water droplet 𝑉=125.55 nm3) and a graphene ribbon with 

the dimension of 20 nm ×2 nm. The AIREBO force field was employed to model the flexible 

neutral graphene sheet (Brenner et al., 2002; Stuart et al., 2000). The 12-6 pairwise Lennard-

Jones potential 𝑉(𝑑) = 4𝜖(𝜎12/𝑑12 − 𝜎6/𝑑6)  was used to model the water-water and 

carbon-water non-bonded interactions (Werder et al., 2003), where 𝜖  is the potential well 

depth, 𝜌 was the parameters associated with the equilibrium distance and 𝑑 was the distance 

between two atoms. 𝜎𝑂−𝑂 =0.3166 nm, 𝜖𝐶−𝑂 =0.0937 kcal/mole and 𝜎𝐶−𝑂 =0.319 nm were 

chosen to model the interaction between water molecules and graphene sheet. The simulation 

procedure includes three steps: First, after energy minimization of the water and graphene sheet, 

NVT ensemble with Nose/Hoover thermostat was employed for 1.0 ns with a time step of 1.0 

fs to equilibrate the system at 300 K and 1.0 atm. Secondly, 11 water molecules were removed 

from the system for every 1000 time steps until all the water molecules were completely 

removed. During these processes, the energy and position of water molecules and graphene 

sheet were monitored every 1000 time steps to ensure the sufficient data recorded. Thirdly, after 

all the water molecules were evaporated, another 1.0 ns under NVE ensemble was run to make 

sure the deformed graphene sheet reached the stable folded pattern. 

When a virtual spherical force field was used in the simulations, all water molecules were 

replaced by a virtual sphere with an initial radius of 𝑅𝑖=3.106 nm that is the same as the water 

droplet size of 4200 water molecules and the graphene ribbon was kept the same. At the same 

time, Eq. (7) was used to calculate the overall pressure exerted on the graphene by liquid 

evaporation and 𝑃𝑡=188.2 atm. This pressure was applied as a force to on each carbon atoms, 

i.e. 𝐹𝑏 =0.0067 kcal/mole-Å . In the simulations, First, after energy minimization of the 

graphene sheet, NVT ensemble with Nose/Hoover thermostat was employed for 1.0 ns with a 

time step of 1.0 fs to equilibrate the system at 300 K and 1.0 atm. Afterward, the radius of 

sphere was decreased by following the law of 𝑅𝑑=𝑅𝑖 −
𝑅𝑖

0.381𝑛𝑠
(𝑡 − 1𝑛𝑠) to ensure that the 

volume of sphere equals the volume of water in the full-atom simulations at the same time steps 
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of liquid evaporation. During this process, the variation of energy, position of water molecules 

and graphene sheet were monitored every 1000 time steps to ensure the data recorded 

sufficiently. In the last step, 𝑅𝑑=0 was set to run another 1.0 ns under NVE ensemble to make 

sure that the folded graphene sheet reached a stable stage. 

Figure A7a plots the comparison of deformation energy (𝐸𝑑𝑒𝑓) and binding energy (𝐸𝑏𝑖𝑛𝑑) 

of graphene ribbon between simulations by the full-atom water and graphene and the virtual 

sphere and full-atom graphene systems. Excellent agreement between them is obtained. Note 

that the bit early emergence and consequent quick decrease of binding energy in the full-atom 

simulations than that in the virtual spherical simulations is expected to result from the early 

partial contact of water liquid with the edge tips of graphene, and the consequent squeezing out 

of water liquid by the folded section of graphene, as shown in Figure 7b. However, both final 

energies and morphologies of folded graphene after complete liquid evaporation or removal of 

virtual spheres agree with each other, which validates the employment of a virtual spherical 

force model in the simulations. 
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Appendix C. Validation of the equivalent evaporation pressure model 

To validate the proposed equivalent evaporation pressure model in Section 2.1, two parallel 

CGMD simulation on crumpling a single graphene sheet via a virtual sphere were performed. 

The modeling and simulation procedure follows Section 3. Only the driving forces were 

different between the two simulations. For the full driving force model, a constant force 

pointing to the center of sphere was added on each CG bead to represent the contribution of gas 

pressure (𝑃𝑔) and vapor pressure (𝑃𝑣). At the same time, another force with constant magnitude 

was added on each CG bead at the boundary of graphene to represent the capillary force (𝐹𝑐). 

The direction of force is always perpendicular to the initial orientation of the boundary after it 

was added and is also always tangential to the surface of sphere. For the equivalent evaporation 

driving force model, a constant force pointing to the center of sphere was added on each CG 

bead of the graphene to represent the total equivalent pressure (𝑃𝑡). The length of graphene was 

𝐿𝑔=100 nm, and the initial radius of sphere was 𝑅𝑖=100 nm and the final radius of sphere was 

𝑅𝑒=1 nm. The time of equilibrium was 𝑡𝑖=1 ns, and the time of evaporation was 𝑡𝑒=2 ns. After 

the evaporation, another 1ns was following to make sure the final folded pattern was stable. 

Figure A8a plots the variation of deformation energy 𝐸𝑑𝑒𝑓  and binding energy 𝐸𝑏𝑖𝑛𝑑 

during the folding. 𝐸𝑑𝑒𝑓 increases slowly at the beginning of evaporation, followed by a quick 

increase after a critical evaporation time. After that, it arrives at an approximate stable stage. 

By contrast, 𝐸𝑏𝑖𝑛𝑑 remains zero at the beginning, followed by a quick decrease at the moment 

when there is a significant increase of 𝐸𝑑𝑒𝑓 and then reaches a stable stage. More importantly, 

both 𝐸𝑑𝑒𝑓 and 𝐸𝑏𝑖𝑛𝑑 have been well predicted by the equivalent evaporation pressure model 

(Eq. 7), with good agreement with those from full-force model. The non-zero of 𝐸𝑏𝑖𝑛𝑑 

indicates the occurrence of self-folding in the graphene, which is also consistent with a quick 

increase of 𝐸𝑑𝑒𝑓 . The final non-zero stable 𝐸𝑑𝑒𝑓  and 𝐸𝑏𝑖𝑛𝑑  suggest that the deformed 

graphene by evaporation of liquid possess a stable morphology. Figure A8b shows the 

snapshots of simulations, and the deformation evolution of graphene with evaporation time, 

ranging from the initial bending deformation, to self-folding and to a final stable crumpled 

pattern, is observed, which corresponds well with variation of 𝐸𝑑𝑒𝑓 and 𝐸𝑏𝑖𝑛𝑑. Besides, good 

agreement of these deformation patterns with approximately the same curvature from the 

equivalent pressure model (Eq. 8) and full force model is obtained.  
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Figure 1. Liquid evaporation-driven crumpling and assembling of two-dimensional (2D) 

deformable nanomaterials. (a) Schematics of the popular experimental setup for the liquid 

evaporation-induced crumpling and assembling of 2D nanomaterials to bulk forms (Hao et al., 

2018; Luo et al., 2011; Luo et al., 2012; Mao et al., 2012; Yang et al., 2016). The liquid droplets 

consisting of 2D materials and solvent liquid solution are generated by atomization and sent 

into the high-temperature furnace with the help of carrier gas for liquid evaporation. The 

assembled solid particles are collected at the outlet of the furnace. (b) Electron microscopy 

images of four assembled graphene oxide particles at different concentration of graphene oxide 

(𝐶𝑚) and furnace temperature (𝑇𝑓). (I) 𝐶𝑚=0.2 mg/ml  𝑇𝑓=100°𝐶 (Luo et al., 2011)and (II) 

𝐶𝑚=1 mg/ml   𝑇𝑓=100°𝐶 (Luo et al., 2011), (III) 𝐶𝑚=2 mg/ml, 𝑇𝑓=350°𝐶 and (IV) 𝐶𝑚=2 

mg/ml, 𝑇𝑓 =750 °𝐶  (Yang et al., 2016). (c) Schematic illustrations of the crumpling and 

assembling process of 2D material sheet by liquid evaporation. (I) uniform distribution of 

multiple 2D sheets suspended in the liquid droplet after atomization. (II) 2D sheets immigrate 

to the surface of liquid droplet with the initial evaporation of liquid due to the capillary flow 

and/or amphiphilicity. (III) 2D sheets crumple and assemble with the continuous evaporation 

of liquid. (IV) 2D sheets further assemble and self-fold until the complete evaporation of liquid, 

and a solid particle is generated. 
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Figure 2. Equivalent model of evaporation pressure for assembling and crumpling of 2D 

nanomaterials by liquid evaporation. (a) Schematic illustrations of the various resultant 

forces (including both direction and location) exerted on a 2D sheet by liquid evaporation (I) 

and its total equivalent pressure (II). The gas pressure of thermally expanded carrier gas (𝑃𝑔) 

and vapor pressure (𝑃𝑣) act on the surface of 2D sheet, and their direction both are perpendicular 

to the surface of 2D sheet; The capillary force (𝐹𝑐) acts on the boundary of 2D sheet pointing 

to the tangential direction of the liquid surface; The vapor recoil pressure (𝑃𝑟 ) acts on the 

boundary of solid, and it is perpendicular to the tangential direction of the liquid surface; The 

shear stress (𝑃𝑠) acts on the inner side of 2D sheet, and it is parallel to the surface of 2D sheet. 

In the total equivalent pressure (𝑃𝑡) model, it acts on the surface of solid in perpendicular to the 

surface of 2D sheet. (b) Variation of various resultant forces exerted on a square 2D sheet with 

area 𝐴𝑔 = 0.1 𝜇𝑚
2 as a function of furnace temperature (𝑇𝑓). Both 𝑃𝑟 and 𝑃𝑠 are at least 

three orders of magnitude lower than 𝑃𝑔  𝑃𝑣 and 𝑃𝑐 and are not included in the following 

analysis of 𝑃𝑡 . (c) Total equivalent evaporation pressure exerted on squared 2D sheet with 

different areas 𝐴𝑔 versus furnace temperature (𝑇𝑓). 
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Figure 3. Evolution of deformation morphology of a single 2D sheet by liquid evaporation. 

(a) Schematic illustrations of typical deformation of a single 2D sheet on the surface of liquid 

droplet with the evaporation of liquid (represented by a decreased liquid droplet (𝑅𝑑) with the 

evaporation time). The evaporation of liquid will drive the deformation of the 2D sheet on the 

liquid droplet. (b) Deformation transition of 2D sheet from (I) the initial fully conformal state 

with only in-plane compression within the sheet (inset), to (II) the local out-of-plane wrinkling 

deformation (highlighted in red and can be described by a cosinusoidal wave function with 

wavelength 𝜆𝑤 and amplitude 𝐴𝑤, inset) state in the sheet along the axisymmetric axis and to 

(III) the final local self-folding deformation highlighted in red. With the help of geometric 

analysis (inset), it can be well defined with geometric parameters via arc radius and angles 𝑅1, 

𝑅2, 𝑅3, 𝜃1, 𝜃2  𝜃3, and the interlayer distance (ℎ) and overlapping length (𝑙𝑏) are used to 

describe the deformed profile state at wrinkled locations.  
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Figure 4. The rotational spring-mechanical slider model of crumpling a single 2D sheet 

by liquid evaporation. (a) Out-of-plane deformation of 2D sheet modeled by rotational spring 

located at the axisymmetric axis connecting two rigid planes with the rotational angle of 𝜃𝑡 

and the binding interaction modeled by mechanical slider when the two rigid planes are close 

enough with the evaporation of liquid (top) and the simplification of this rotational spring-

mechanical slider system into a 2D model due to its symmetry (bottom). The critical moment 

for introducing the mechanical slider to the rotational spring model is referred to the critical 

rotational angle 𝜃𝑡
𝑐 and depends on liquid evaporation. (b) Variation of rotational angle 𝜃𝑡 

and critical rotational angle 𝜃𝑡
𝑐 with the liquid evaporation (plotted by an increase of liquid 

droplet curvature 𝜅𝑑  (=1/𝑅𝑑 )). When 𝜃𝑡  𝜃𝑡
𝑐 , the mechanical slider will not effective, and 

when 𝜃𝑡 ≤ 𝜃𝑡
𝑐, the mechanical slider starts to take effect to represent the binding energy in the 

folded deformation. The inserts show the deformed states of 2D sheet and their corresponding 

state of the spring-slider mechanics model.  
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Figure 5. Energy variation of a single 2D material graphene sheet with liquid evaporation 

from the spring-slider mechanics model. Various energy variation during liquid evaporation 

in the forms of both liquid droplet curvature 𝜅𝑑 and rotational spring angle 𝜃𝑡 for a square 

graphene sheet with (a) 𝐿𝑔=40 nm under 𝑃𝑡=10 atm, (b) 𝐿𝑔=40 nm under 𝑃𝑡=40 atm and 

(c) 𝐿𝑔=100 nm under 𝑃𝑡=10 atm. The point when 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 starts to emerge and 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 =

0 correspond to 𝜃𝑡 = 𝜃𝑡
𝑐 and 𝜅𝑑

𝐺 and 𝜅𝑑
𝐸, respectively.  

 

 

 

 

 

 

 

Figure 6. Crumpling and assembling multiple 2D material sheets by liquid evaporation 

(left) and its rotational spring-mechanical slider network model (right). The intra-layer 

(orange) and inter-layer (purple) slider reflect the van der Waals interaction in the self-folding 

deformation of individual 2D sheet and self-assembly of adjacent individual 2D sheet, 

respectively.   
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Figure 7. Energy variation of multiple 2D material graphene sheets with liquid 

evaporation from the spring-slider network model. (a) Energy variation as a function of 

liquid droplet curvature 𝜅𝑑 . 𝐴𝑔
(𝑖)
 =10000 𝑛𝑚2 , 𝑛𝑙 =5 and 𝑃𝑡 =10 atm. 𝑑𝐸𝑡𝑜𝑡/𝑑𝜅𝑑 =0 

corresponds to the stopping of the crumpling and assembling. (b) Normalized crumpling energy 

𝐸𝑠
𝑠𝑝𝑟𝑖𝑛𝑔

+ 𝐸𝑏
𝑠𝑙𝑖𝑑𝑒𝑟 by the assembling energy 𝐸𝑎𝑠𝑚 in the particles after complete evaporation 

of liquid (in red) and normalized self-folding area (𝐴𝑏𝑖𝑛𝑑) by the assembling area (𝐴𝑎𝑠𝑚) (in 

blue) with the increase of pressure. 
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Figure 8. Coarse-grained (CG) model of 2D material graphene. (a) Full-atom lattice (left) 

and coarse-grained (CG) lattice (right) models of graphene. The highlighted triangle area 

indicates coarse-grained scaling of 16:1; i.e., one bead in the CG model represents 16 atoms in 

the full-atom model. As a consequence, with the bond length of 𝑑0 in the full-atom model, 

and the bond length in CG model is 𝑑0
𝑐𝑔
=4𝑑0. Comparison of (b) the stress-strain curve of 

graphene sheet under a tensile test, (c) the deformation energy of graphene sheet under a 

bending load and (d) the binding energy of two parallel graphene sheets between full-atom and 

coarse-grained model. The insets illustrate the loading conditions. 
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Figure 9. Comparison of energy and morphology evolution of a single graphene sheet 

during the liquid evaporation between the theoretical predications and simulations. 

Comparison of energy variation of a single graphene sheet with a size of (a) 𝐿𝑔=40 nm and (c) 

𝐿𝑔 =100 nm between theoretical and simulation results with liquid droplet curvature 𝜅𝑑 . 

Morphology evolution of a square graphene sheet with (b) 𝐿𝑔=40 nm and (d) 𝐿𝑔=100 nm with 

liquid droplet curvature 𝜅𝑑 under evaporation pressure 𝑃𝑡=10 atm and 40 atm. 𝜅 is the local 

curvature in the deformed sheet. 
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Figure 10. Comparison of the deformation energy 𝑬𝒅𝒆𝒇 and binding energy 𝑬𝒃𝒊𝒏𝒅 of the 

single layer graphene after the complete evaporation of liquid between the theoretical 

predictions and simulations under evaporation pressure (a) 𝑷𝒕 110 atm and (b) 𝑷𝒕 140 

atm. The inset highlights at the small area where if both of the energies are zero, graphene 

cannot be folded by the liquid evaporation.  
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Figure 11. Morphology and size map of folded graphene with highlights of local curvature 

after complete evaporation of liquid. Three patterning regions are identified, referred to as 

“unfold”, “racket-like pattern” and “particle” with the increase of evaporation pressure or/and 

total area of 2D graphene sheet. 

 

 



   61 / 76  

 

Figure 12. Energy and mass variation of crumpling and assembling multiple 2D material 

graphene sheets by the liquid evaporation. Comparison of the deformation energy 𝐸𝑑𝑒𝑓, 

binding energy 𝐸𝑏𝑖𝑛𝑑 and assembling energy 𝐸𝑎𝑠𝑚 of 5 square graphene sheets with each 
size of 𝐿𝑔=100 nm between the theoretical predictions and simulations under (a) 𝑃𝑡=10 atm 

and (b) 𝑃𝑡=40 atm. Mass distribution of the graphene in the droplet during liquid evaporation 

under (c) 𝑃𝑡 =10 atm and (d) 𝑃𝑡 =40 atm. The inserts show the evolution of assembled 

morphologies of the crumpled graphene sheets with liquid evaporation. 
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Figure 13. CGMD simulated morphology evolution of 5 square graphene sheets with each 

𝑳𝒈1100 nm with liquid evaporation (liquid droplet curvature 𝜿𝒅) under (a) 𝑷𝒕110 atm 

and (b) 𝑷𝒕140 atm (top) and distribution of folded ridges in one of the representative 

graphene sheet marked as (I) in blue (bottom).  
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Figure 14. Overall morphology of the assembled graphene particle after complete 

evaporation of liquid and comparison of crumpled morphology among their individual 

graphene sheet under (a) and (c) 𝑷𝒕110 atm and (b) and (d) 𝑷𝒕140 atm. Graphene is a 

square shape with the size of 𝑳𝒈1100 nm  

 

 

 

Figure 15. Comparison of energy of the assembled particles after complete evaporation 

of liquid between the theoretical predictions and simulations under (a)𝑷𝒕 110 atm and 

(b)𝑷𝒕140 atm.  
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Figure 16. Mass distribution and the ridge density evolution of assembled graphene 

during the liquid evaporation. The effect of (a) evaporation pressure and (b) total area of 

graphene sheets on the mass distribution of the assembled particles after complete evaporation 

of liquid. (c) Comparison of the ridge density with the liquid evaporation (liquid droplet 

curvature 𝜅𝑑) between theoretical predictions and simulations. (d) Comparison of the ridge 

density in the assembled particles between theoretical predictions and simulations after 

complete evaporation of liquid.  
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Figure 17. Morphology and size map of crumpled and assembled graphene with highlights 

of local curvature in each individual sheet after complete evaporation of liquid. The ratio 

of the crumpled area to assembled area, 𝜁=𝐴𝑏𝑖𝑛𝑑/𝐴𝑎𝑠𝑚 and the radius 𝑅𝑔(in nanometer) in 

each particle are given, denoted as (𝜁, 𝑅𝑔). At a low evaporation pressure and small total area 

of graphene sheet, self-folding in individual sheet is very small and can be neglected, leading 

to ζ < 0.1; At a high evaporation pressure and large total area of graphene sheet, each graphene 

will be self-folded intensively and assembled after complete evaporation of liquid (𝜁 > 0.5). 
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Figure 18. Morphology and size map of crumpled and assembled graphene with highlights 

of local assembled regions in each individual sheet after complete evaporation of liquid. 

The assembled regions and fraction of the assembled area among the whole particle are 

reflected by assembling energy distribution. (𝜁, 𝑅𝑔) is the same as that in Figure 17.  
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Figure 19. Comparison of (a) dimension size and (b) accessible area of assembled particles 

after complete evaporation of liquid under different evaporation pressures, shapes and 

total areas of graphene sheets among theoretical predictions, CGMD simulations and 

available experiments.  
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Figure 20. Effect of graphene sheet numbers on the size and morphologies of the 

assembled particles after complete evaporation of liquid under 𝑷𝒕120 atm. (𝜁, 𝑅𝑔) is the 

same as that in Figure 17. 
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Figure. 21. Effect of size distribution of square graphene sheet on the size and 

morphologies of the assembled particles after complete evaporation of liquid under 

𝑷𝒕120 atm. (𝜁, 𝑅𝑔) is the same as that in Figure 17.  
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Figure 22. Effect of graphene sheet shapes on the size and morphologies of the assembled 

particles after complete evaporation of liquid under 𝑷𝒕120 atm. (𝜁, 𝑅𝑔) is the same as that 

in Figure 17. 

 

 

 

Figure 23. The effect of (a) graphene sheet number and (b) size distribution of graphene 

sheet and (c) graphene sheet shape on the mass distribution of the assembled particles 

after complete evaporation of liquid. 
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Figure. A1. Schematics illustrations of the capillary force exerts on the free end of 2D 

sheet and the deflection 𝛅𝑭 and the equivalent pressure exert on the surface of 2D sheet 

and the deflection 𝛅𝑷. (a) and (b), rectangular sheet. (c) and (d), triangular sheet. (e) and (f), 

circular sheet. 
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Figure A2. (a) Schematic illustrations of the undeformed planar area (𝐴𝑔) of the 2D sheet, and 

the projected area (𝐴𝑠) in the surface of the droplet. 𝑅𝑑 is the radius of liquid droplet. (b) The 

morphology illustration of a 2D sheet in contact with the surface of the liquid droplet. (c) The 

polar coordinate on the undeformed planar 2D sheet with the radial distance 𝑟 and polar angle 

𝜃. 
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Figure A3. Continuum mechanics analysis on evolution of local curvature and strain 

energy with the evaporation pressure for different total areas of a single 2D sheet. (a) The 

local curvature distribution in a 2D sheet with 𝐿𝑔=100 nm under different pressures at 𝑅𝑑=50 

nm. (b) The local curvature distribution in 2D sheets with different size under the same pressure 

𝑃𝑡=20 atm. The ratio of 2D sheet size to the radius of droplet is kept the same, 𝐿𝑔/𝑅𝑑=2, to 

make sure the degree of deformation in each 2D sheet is the same. (c) Normalized strain energy 

𝐸𝑠/𝐵 by bending stiffness of 2D sheet versus the normalized pressure √𝑃𝑡/𝐸 by Young’s 

modulus of 2D materials. The perfect linear relationship between them is obtained and remains 

for different sizes of 2D sheet. (d) Normalized strain energy 𝐸𝑠/𝐵 by bending stiffness of 2D 

sheet versus normalized area 𝐴𝑔/𝑡
2  with the thickness of 2D sheet. The perfect linear 

relationship between them is also obtained and is independent of evaporation pressures. 
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Figure A4. Variation of 𝜿𝒅
𝑮 and 𝜿𝒅

𝑬 with the area of graphene 𝑨𝒈 (a) under different 

evaporation pressure 𝑷𝒕  and (c) with different numbers of layers of graphene sheet 

(bending stiffness). Variation of 𝜿𝒅
𝑮  and 𝜿𝒅

𝑬  with the evaporation pressure 𝑷𝒕  for (b) 

different areas of graphene and (d) different numbers of layers of graphene sheet 

(bending stiffness). Both critical area 𝐴𝑔
𝑐  and critical pressure 𝑃𝑡

𝑐 are defined at 𝜅𝑑
𝐺=𝜅𝑑

𝐸. 
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Figure. A5. Relationship between the critical area 𝑨𝒈
𝒄   and (𝑩/𝑷𝒕)

𝟐/𝟑 . The points are 

extracted from the parameters of the numerical solutions of Eqs. (A6) and (A9) at 𝜅𝑑
𝐸=𝜅𝑑

𝐺. All 

the points can be well linearly fitted with a slope of 𝜂 =98.82. The relationship when the 

deformation is uniform (𝜂=4𝜋2) can be derived in theory and is also included. 

 

 

 

 

 

 

Figure A6. Determination of ridge density using the image processing procedure. (a) Local 

curvature distribution of the raw image from CGMD simulations. (b) Image after converting 

the colored image to grayscale. (c) Image after the skeletonization to calculate the ridge density.  
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Figure A7. Validation of the virtual sphere force field method. (a) Comparison of 

deformation energy (𝐸𝑑𝑒𝑓 ) and binding energy (𝐸𝑏𝑖𝑛𝑑 ) of a single graphene nanoribbon 

obtained by the full-atom water/graphene simulations and virtual spherical force field/full-atom 

graphene. (b) Snapshots of crumpled morphology of graphene during simulations. 

 

 

 

 

 

Figure A8. Energy and morphology variation of a single layer graphene during the liquid 

evaporation. (a) Comparison of the deformation energy 𝐸𝑑𝑒𝑓 and binding energy 𝐸𝑏𝑖𝑛𝑑 at 

𝑇𝑓=300 K between the full driving force model and equivalent pressure model for a square 

graphene with 𝐿𝑔=100 nm during liquid evaporation. (b) Snapshots of the crumpled graphene 

under different driving force models.  

 

 


