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Abstract 

The next generation of ultra-high strength composites for structural components of vehicles for manned 

missions to deep space will likely incorporate flattened carbon nanotubes (flCNTs). With a wide range of 
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high-performance polymers to choose from as the matrix component, efficient and accurate computational 

modeling can be used to efficiently down-select compatible resins, drive the design of these composites 

by predicting interface behavior, and provide critical physical insight into the flCNT/polymer interface. 

In this study, molecular dynamics simulation is used to predict the interaction energy, frictional sliding 

resistance, and mechanical binding of flCNT/polymer interfaces for epoxy, bismaleimide (BMI), and 

benzoxazine high-performance resins. The results indicate that the BMI has stronger interfacial interaction 

and transverse tension binding with flCNT interfaces, while the benzoxazine demonstrates the strongest 

levels of interfacial friction resistance. Comparison of these results with similar results from the literature 

for other high-performance resins indicates that BMI demonstrates the best overall compatibility with 

flCNTs for use in high-performance structural composites. 

Introduction 

The need for lightweight ultra-strong structural materials is increasingly being recognized for the next 

generation of space vehicles for deep-space human travel. To fulfill this need, significant focus has been 

placed on carbon nanotube (CNT) based composites materials [1-4]. These materials have the potential to 

exhibit superior thermo-mechanical properties relative to the current state-of-the-art composites [5, 6]. So 

far, a major shortcoming of these materials is their failure to translate these outstanding properties to 

higher length scales. Therefore, it is necessary to investigate and mitigate the failure of the CNT/matrix 

interfacial region to fully utilize the benefits of these materials. 

A recent study by Downes et al. [7] introduced a novel fabrication method which generates stacks of 

flattened CNTs (flCNTs) resulting in self-aligned assemblages. These structures promote higher surface-

to-surface contact which was evident when combined with a bismaleimide polymer matrix. The 

flCNT/BMI composite showed a twofold increase in tensile strength and a threefold increase in the tensile 
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modulus when compared to the round CNT composite counterpart [7]. Even though the flCNT-flCNT 

contact was enhanced by the flattening and stacking, the TEM-observed fracture surfaces showed intra-

stack sliding in addition to complete stack pullout. A follow-up study by Jolowsky et al. [8] provided a 

pathway to scale the flCNT composite fabrication method to macro-scale panels with excellent mechanical 

properties.  

Although these early experimental studies showed promising results for the development of flCNT 

composites, they did not address the influence of different resin types on the panel-level mechanical 

performance. Many studies have addressed the interfacial characteristics of CNT/polymer composites [9, 

10], however, none of these studies provide a comprehensive view of the influence of resin type on 

composite performance, and none of them address flCNT/polymer interfaces directly. Indeed, such studies 

for a large range of resin types are difficult to achieve experimentally because of the difficulty and expense 

of fabricating and testing flCNT composites. Computational approaches are needed to efficiently drive 

the development and design of future flCNT composites.  

Patil et al. [11] reported the polymer/flCNT interfacial characteristics for two polyimide systems at the 

nanoscale using Molecular Dynamics (MD) techniques. It was reported that different chemical groups in 

the polymer had different effects on the polymer/flCNT interfacial interaction. Findings by Pisani et al. 

[12] affirmed the same by comparing PEEK and fluorinated and non-fluorinated cyanate esters. 

Using MD, this study focuses on modelling the polymer/flCNT interface of three high-performance 

polymers: glycidylamine-based epoxy, bismaleimide (BMI), and poly-benzoxazine. All the simulated 

systems are aerospace-relevant thermosets [13-21] and each system is unique in terms of reaction 

chemistry and molecular topology. This study compliments the results published by Patil et al. [11] and 

Pisani et al. [12].  
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It is important to note that similar to Patil et al. [11] and Pisani et al. [12], experimental validation of 

the simulated results is not performed because fabrication and the relevant interfacial characterization 

methods for these materials have not yet been developed. That is, it is not yet possible to consistently 

fabricate flCNT/polymer nanocomposites with perfect, uniform resin infusion throughout the bulk 

composite. Even if such fabrication was currently possible, computational simulation can still provide 

physical insight that experimental characterization methods cannot. Therefore, this study is intended to 

drive the future development of such materials in a consistent, efficient manner. The simulations discussed 

herein employ MD modelling techniques which have been previously experimentally validated [22-24]. 

Molecular Modeling 

The details of the MD simulation are discussed in this section. The LAMMPS software package was 

used for all simulations discussed in this paper [25]. The Interface Force Field (IFF), developed by Heinz 

et al. [26], was designed to accurately model the properties of inorganic surfaces. Included in the original 

scope of IFF is the ability to capture inorganic-organic interfaces and the adsorption of organic molecules 

onto inorganic surfaces. Recently, the Polymer Consistent Force Field was supplemented with IFF (PCFF-

IFF) and proven successful for predicting the dispersibility of CNTs in different solvents and polymer 

solutions [27]. The PCFF-IFF forcefield was used to assign the interatomic potential in this study, as it 

was previously shown to yield accurate results for flCNTs and consists of all the relevant atom types 

associated with the amorphous polymer systems [11, 28]. Additionally, this force field can model the π 

electrons virtually which is critical to accurately capture the polymer-flCNT interface. The PCFF-IFF 

force field is well-known for its accurate atomic charge assignments, which has proven to have a 

significant effect on the predicted matrix-reinforcement interface characteristics and molecular 

conformations of polar molecules [11, 12].  

Material Systems 
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The epoxy, BMI, and benzoxazine systems selected for this study consisted of the following monomers: 

1. Epoxy: Tetraglycidyl methylenedianiline (TGMDA or TGDDM) and 4,4’-diaminodiphenyl sulfone 

(DDS) [29] 

2. BMI: Bismaleimidodiphenylmethane (BMPM) and O,O’-diallyl bisphenol A (DABPA) [30] 

3. Benzoxazine: Bisphenol-A benzoxazine [31] 

High-performance polymer-based composite materials are extensively used in aerospace applications 

because of their excellent thermal and mechanical properties [2, 32]. These three polymer systems are 

thermosets that are specifically used for structural applications [14, 31, 33-37]. Molecular modeling 

studies exploring the thermo-mechanical properties have been previously performed on these specific 

polymers [29, 30, 38-41]. However, the influence of the molecular structure on the overall mechanical 

properties and reinforcement interface characteristics remains largely unexplored. Figure 1 shows the 

molecular structures of all the modelled monomers.1:1 molar ratios of BMPM to DABPA and TGMDA 

to DDS were used for the BMI and epoxy polymers, respectively [24, 29, 30, 38]. 

 

Figure 1. Chemical structures of (a) DABPA, (b) BMPM, (c) DDS, (d) TGMDA, and (e) Benzoxazine. 
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Model Setup 

Figure 2 shows a representative MD model where the two flCNTs are modeled as two double-layered 

graphene surfaces, simply representing the flattened portion of the flCNTs. The rounded ends of the 

flCNTs shown in Figure 2(b) were excluded for computational efficiency [11, 12], as these features can 

be better captured with larger length scale models and this study is only focused on isolating the influence 

of the resin type on interfacial characteristics in the flattened region.  

In this work, previously established methodology has been adopted to model the three thermoset 

polymer composites using MD [11, 12], and the details are proved in the Supporting Information. All the 

simulation box boundaries are periodic, hence the polymer regions connected across the top and bottom 

of the Z boundary make up a single layer. This layered setup was chosen to represent the basic features of 

the sp2 carbon flCNT-polymer interaction, friction, and transverse strength. While the model simulates 

the ideal scenario of complete polymer resin infiltration between flCNTs, the described setup is useful in 

extracting the critical interfacial features in the nanocomposite [42]. It is important to note that MD 

modeling predictions are generally very sensitive to the modeling parameters. The modeling parameters 

used herein have been chosen to be consistent with those from previous MD studies [11, 12] to provide 

objective consistancy between the results. Thus, these results are generated for the purpose of comparative 

studies between different flCNT/polymer interfaces. The modeling parameters were not chosen to mimic 

specific experimental conditions, because, as mentioned above, no methods have been developed yet to 

fabricate such ideally-structured materials.  
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Figure 2. Representative model setup for the flCNT/epoxy composite (a) front view, (b) side view 

showing the side lobes of flCNTs, and (c) isometric view. The purple atoms attached to the flCNT carbon 

atoms represent the virtual 𝜋 electrons.  

Error! Reference source not found.5 shows the atomic mass densities along Z-direction and highlights 

the higher atomic densities near the interface for all the models. The z-direction axis has been normalized, 

such that the width of the flCNT peaks appears different for each system, even though they have the same 

structural dimensions. The higher polymer density at the interface can be seen in the form of a secondary 

peak (red-dotted circles) adjacent to the larger peaks, which represent flCNT atoms. Figure 3 shows the 

polymerized models for different polymer mass fractions. Within these figures, the left-most image 

displays the lowest polymer mass fraction resulting in clustering of polymer atoms. The middle image 

displays a perfectly saturated interface with the two flCNT layers completely separated by the polymer 

atoms. The right-most image displays the highest polymer mass fraction which results in addition of 
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excessive polymer atoms. Detailed polymer mass fractions and the respective molecular masses are 

included in the Supporting Information, Section S3. 

The equilibrated models were then evaluated for the interfacial interaction energy, friction resistance, 

and transverse strength. The interaction energy and friction simulations were also carried out on 

unpolymerized models to assess the effect of polymerization. To compute the interaction energy, the 

purely non-bonded potential energy unrelated to the polymer and flCNTs was extracted from the model 

using the help of the “compute group/group” command in LAMMPS [43, 44]. For all models, the 

simulations were performed in the NPT ensemble over 0.5 ns to collect the time-averaged interaction 

energy data. Temperature and pressure settings of 300 K and 1 atm respectively were used for all of these 

simulations.  
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Figure 3. Molecular models of flCNT/epoxy (top), flCNT/BMI (middle), and flCNT/benzoxazine 

(bottom) composites with mass fraction- (1a) 10%, (1b) 41%, (1c) 75%, (2a) 22% (2b) 36% (2c) 66%, 

(3a) 20%, (3b) 34%, and (3c) 56%. 

Patil et al. [11] demonstrated a novel approach to compute atomistic friction force between polymer-

infiltrated flCNTs using the same simulation geometry described herein. Using the same approach, friction 

simulations were performed on both the unpolymerized and polymerized models for each resin system. 

For all the models, both the flCNTs (both top and bottom walls of the flCNT layers) were tethered to two 

distinct points with a virtual spring using LAMMPS. Thus, the walls within a single layer of flCNTs were 
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not allowed to slide with respect to each other such that the friction between the flCNT/polymer interface 

could be isolated. The spring constant used for both the springs was set to 1 kcal/mol･Å2. The point 

connected to the bottom layer was linearly displaced in the X direction using a velocity range of 0.1 Å/ps 

to 5 Å/ps. The other layer was held in position using the NPT ensemble with 300 K temperature and 1 atm 

pressure. The polymer layers and the sliding flCNT were maintained under the NVE ensemble, allowing 

the temperature to change, and thus enhancing the vibrations at the interfaces. The resulting friction force 

was computed between the moving flCNT and the polymer layer, and the fixed flCNT and the polymer 

layer.  

The third criterion studied is the transverse strength of the layered models. The equilibrated models of 

the three polymer systems with a polymer mass fraction of approximately 0.4 were used for this 

evaluation. This polymer mass fraction is comparable with previously reported data [11, 12]. To assess 

the transverse tension behavior, the simulation box was subjected to a uniaxial strain in the direction 

perpendicular to the flCNT plane at a constant strain rate of 2×108 s-1 until there was total separation of 

one of the CNT/polymer interfaces or a maximum of 150% strain was reached. The overall system stresses 

and strains were recorded, and the corresponding stiffness, strength, and toughness values were calculated 

[11]. An R script was used for this analysis. It is important to note that in these simulations, the upper and 

lower walls of single layers of flCNTs did not separate from each other, as the flCNT/polymer interface 

always failed first. Thus, the results are naturally focused only on the flCNT/polymer interface mechanical 

behavior.  

Results 

Interaction energy 

The interaction energy for the unpolymerized and polymerized models of the three resins are shown in 

Figure 4. The displayed trendlines are to distinguish multiple datasets and provide clear trends amongst 
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the scattered data points. It is important to note that the trendlines do not bear any physical significance. 

The interaction energy values carry a negative sign which indicates attraction to the aromatic surface of 

the flCNT. Therefore, higher negative values indicate greater polymer/surface affinity. Figure 4 shows 

dramatic increases in interaction energy for all the three systems, both monomer and polymer, with 

increases in polymer mass fraction, except for the polymerized benzoxazine system.  

 

Figure 4. Interaction energy between flCNTs and polymer layers with varying polymer mass fraction for 

monomer and polymer cases. 

For the epoxy system, the data in Figure 4 indicates the strengthening of interaction depends highly on 

the effective saturation of the polymer-flCNT interface. The initial increase is significant and is due to 

clustering of polymer molecules at the interface for lower mass fractions, which is evident from Figure 3. 

Well-distributed monomers are observed in the interfacial region at polymer mass fractions 33% or 
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greater. For higher polymer mass fractions, the flCNTs were completely encompassed by a 10 Å or thicker 

polymer region, and the interaction energy stays relatively constant.  

The data in Figure 4 indicates that the BMI models did not exhibit the same initial steep trend with the 

interaction energy as observed with the epoxy. However, unlike the epoxy, increases in the interaction 

energy were observed with increases in the mass fraction over the entire range of mass fractions. This 

behavior is attributed to the preferential adsorption of the BMPM molecules. The molecular models in 

this study indicate that BMPM binds better with flCNT than DABPA, which is exemplified in Error! 

Reference source not found.. In Error! Reference source not found., the largest flCNT/BMI monomer 

model, with a monomer mass fraction of 0.66, was divided into equal-width (about 0.7 Å) slices along the 

Z-direction. The flCNT, BMPM, and DABPA atoms in each slice were counted separately to reveal the 

molecular spatial variation. The flCNT appears as two sets of double spikes. Note that some waviness in 

the flCNT caused the peaks to broaden in comparison with perfectly straight layers [45]. The BMPM and 

DABPA spatial distributions are strikingly contrasting. Immediately flanking the flCNTs are high 

concentrations of BMPM, but in the same region, the DABPA atoms are depleted. Moving further away 

from the flCNT layers, the concentration of DABPA increases and becomes more prominent. Essentially, 

Error! Reference source not found. reveals partial monomer separation: the BMPM monomers move 

toward the flCNT, while the DABPA monomers tend to be driven away from the flCNT. Section S4 from 

the supporting information provides a more qualitative analysis on BMPM planarization. The epoxy, also 

a two-part system, did not develop preferential adsorption of either of its components. 

 

From Figure 4, increasing the polymer mass fraction has very little to no effect on the interaction energy 

of the benzoxazine system. At 34% polymer mass fraction the interaction energy trend converges and 

remains approximately the same for higher mass fractions. This observation can be explained by Error! 
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Reference source not found., where the lowest mass fraction model displayed perfect separation of the 

two flCNT layers. Hence, the interface was completely populated by the polymer atoms for all the mass 

fractions. 

Post-polymerization, the interaction energy plots shift upwards indicating loss of interaction strength 

due to the new networked polymer topology. For benzoxazine, the effect of polymerization on the 

interaction energy is significant, however, saturation of the interface for the polymerized system has no 

effect on the interaction energy. In the case of epoxy and BMI, the interaction energy shifts slightly but 

maintains the same trend as observed with the unpolymerized models. With BMI, preferential adsorption 

of BMPM is still present but less impactful. Figure 5 shows the orientation of the phenyl rings in the 

monomer and polymer structures with respect to the flCNT surface. It is well-documented that phenyl 

groups promote aromatic-aromatic non-bonded stacking, a.k.a. π-π stacking [46-49]. The orientations 

were computed by extracting the dihedral angles of the phenyl rings within the polymer layers. The angle 

was calculated with respect to the X-Y plane of the flCNT surface, ignoring deviations caused due to 

slight waviness as seen in Figure 3. Lower angles represent greater degrees of alignment with the flCNT 

surface. The monomer/polymer mass fractions used for this analysis correspond to the converged 

interaction energies, specifically, BMI: 58.52%, Epoxy: 58.66%, and Benzoxazine: 56%. This analysis 

was conducted to provide physical insight into the interaction energy trends. Earlier studies have shown 

the non-bonded interactions between the aromatic groups is a strong contributor towards the interaction 

energy [49].  
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Figure 5. Alignment of phenyl rings (dihedral angles) and interaction energies for BMI, epoxy, and 

benzoxazine, t (degrees) is dihedral angle formed by the phenyl rings with the XY plane. 

Figure 5 clearly shows the decrease in interfacial interaction when the monomers undergo 

polymerization and result in lower numbers of phenyl rings aligned with the interface. The creation of 

networks results in additional mobility constraints which results in higher angles between the phenyl rings 

and the flat aromatic surface. Within each polymer system, the number of phenyl rings with less than 10o 

angle is reduced after crosslinking. All three resins systems demonstrate similar patterns in interaction 

energy and polymerization, however, the preferential adsorption in BMI helps in limiting the reduction in 

interaction energy after polymerization, which is highlighted in Figure 5. The epoxy models show a higher 

drop in the interaction energy since neither of the two components strongly prefer the flCNT surface. 
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Error! Reference source not found. shows the number of phenyl rings with a dihedral angle of less than 

or equal to 10o with the flCNT surface for the BMI and epoxy systems highlighting the orientations from 

the individual components. It can be concluded that the BMI models benefit greatly with the increasing 

mass fractions at the expense of adding mass to the system. Benzoxazine shows poor alignment of the 

phenyl rings with the surface due to the rigid backbone of the monomer. 

Figure 6 shows the interaction energy for multiple polymer systems including those reported in previous 

studies [11, 12]. The previously studied polymer systems were all single-component systems. The PEEK 

and non-fluorinated polyimide show the highest degree of interaction, whereas the fluorinated polymers 

have a relatively low level of interaction because of steric hindrance from the fluorinated groups. The 

interaction from the benzoxazine is also relatively low. The interaction energy of BMI and epoxy systems 

lie in the middle of the other polymers. BMI shows slightly better affinity due to the preferential adsorption 

of BMPM molecules. BMI is the only thermoset in this group with an interaction energy that is lower than 

that of the bare flCNTs.  
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Figure 6. Interaction energy between flCNTs and polymer layers with varying polymer mass fraction for 

a wide range of polymers, including data from Pisani et al. [12] and Patil et al. [11]. 

Frictional Resistance 

The results from the friction simulations are detailed in this section for both the monomers and polymers. 

The trend lines used in all the figures are included to visually distinguish between the datasets and do not 

hold any physical significance.  

Figure 7 reveals the friction force trend for the polymerized and unpolymerized models of all three 

polymer systems, as well as the friction force associated with flCNTs with no polymer (commensurate 

and incommensurate). The incommensurate flCNT-flCNT friction case is considered to accurately 

represent the actual stacking configuration in flCNT stacks [50, 51]. As reported previously, the presence 

of a polymer layer results in an increase of two orders of magnitude in the friction force exhibited by the 
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incommensurate flCNT-flCNT [11, 12]. Models with polymer mass fractions of 64% in epoxy, 66% in 

BMI, and 56% in benzoxazine are used for this comparison. At low velocities, the three polymers (both 

monomeric and polymeric forms) display a close performance because of the scarcity of polymer atoms 

at the interface. Benzoxazine displays superior resistance when simulating both low and high velocities. 

Crosslinking of the model significantly enhances the friction force for BMI and epoxy, but not for the 

Benzoxazine over most of the range of velocities. The effect of polymerization for these three systems 

displays an inverse trend as seen from the interaction energy study, where polymerization reduced the 

interaction, yet increases the frictional force. Polymerization imposes additional restrictions on the 

movement of the monomeric units by the formation of a polymer network. The formation of a more rigid 

network causes a greater amount of coarsening (i.e. protrusion of constrained molecular groups into the 

flCNT surface) and thus increased interface friction, whereas un-crosslinked monomers can more easily 

conform to the flCNT surface and thus form a smoother interface with less friction. Figures S14 and S15 

display the minimum and maximum polymer mass fraction models for the three systems for the 

unpolymerized and polymerized conditions, respectively. 
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Figure 7. Friction force of the polymer systems and commensurate/incommensurate flCNTs as a function 

of velocity for monomer and polymer cases. 

In Error! Reference source not found., the effect of polymer mass fraction on the frictional resistance 

is demonstrated for the entire collection of flCNT-polymer models and no discernable trend was observed 

for the range of mass fractions. The results from 10 m/s sliding velocity were chosen for comparison. For 

all the models, the friction force increases post-polymerization. As seen in Figure 4, the observations 

indicate an inverse relation between the friction force and interaction energy. That is, polymers exhibiting 

higher interaction energies exhibited lower frictional resistance, and the systems with lower interaction 

energy generally displayed better friction force. Also, polymerization degrades the interaction energy of 
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all the polymers, however, it enhances the friction force for the same systems. Figure S13 from the 

supporting information shows the data for other velocities and similar trends were observed. 

To summarize the results for the friction simulations, Figure 8 shows the frictional force curves of the 

polymerized models and includes results for the polyimide, PEEK, and cyanate ester systems from Patil 

et al. [11] and Pisani et al. [12]. The benzoxazine system shows higher frictional resistance in comparison 

to the fluorinated polymers. It was reported that the fluorinated polymers exhibit higher friction due to the 

presence of the trifluoromethyl groups [11]. The epoxy and BMI systems also exhibit a good frictional 

resistance amongst the non-fluorinated polymers. Figure S12 is the supporting information shows the 

comparison of the same polymers for different polymer mass fractions with a 10 m/s velocity, and like 

Error! Reference source not found.,  no discernable trend was observed.  

 

Figure 8. Friction force of polymer systems as a function of velocity for the polymer case, including data 

from Pisani et al. [12] and Patil et al. [11]. 



20 

 

Transverse Strength 

Figure 9 shows the stress-strain response from the transverse tension simulations for polymer mass 

fractions of 41% for epoxy, 36% for BMI, and 34% for benzoxazine. The selection of these polymer mass 

fractions was based on those of other polymer systems reported in previous work [11, 12]. From the figure, 

the epoxy and the BMI models exhibit a higher peak strength than the benzoxazine. However, the 

benzoxazine system displays a higher toughness which is evident from the corresponding curve not 

converging to the 0 MPa stress value. It is important to note that stress-strain data that is generated using 

all-atom MD simulations inherently includes a strain rate effect that results from the simulated 

deformation rates that are orders of magnitude above laboratory-observed deformation rates [24, 52, 53]. 

Thus, the stress strain response shown in the figure is not necessarily what would be expected from an 

experimental tensile test of the interfacial region. However, the relevant information from the figure is the 

comparative response of the different systems. MD-generated stress-strain curves provide a quantitative 

comparison the response of different systems to discern trends and physical insight. Error! Reference 

source not found. shows snapshots of the three models either at the end of simulation or when one of the 

polymer layers completely separated. 
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Figure 9. Stress-strain curves of the three polymerized systems in transverse tension. 

Figure 10 includes the transverse tension results for all the polymer systems including the corresponding 

data for the polyimide, cyanate ester, and PEEK systems from previous studies [11, 12]. The stiffness, 

toughness, and peak strength values are normalized with respect to the results obtained from a neat flCNT-

flCNT transverse tension simulation. From the comparison, BMI shows the best performance in all the 

three metrics. Epoxy shows the second highest stiffness and peak strength but lower toughness than 

benzoxazine and the fluorinated cyanate ester. From Error! Reference source not found., it is clear that 

separation of the polymer layer occurs much earlier in the epoxy system relative to the BMI and 

benzoxazine systems, resulting in the lower overall toughness.  
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Figure 10. Normalized stiffness, toughness, and peak strength, and the corresponding polymer mass 

fraction for the polymerized polymer/flCNTs. 

Conclusion 

BMI produces the best overall compatibility with the flCNTs with the epoxy showing a similar trend 

but with a slight under-performance. Including the previously reported systems, PEEK still shows the best 

interaction with the flCNTs with the polyimide and BMI also showing higher interaction than bare flCNTs 

[11, 12]. However, benzoxazine exhibits a much superior friction force than the other two systems in this 

study and the two fluorinated systems from Patil et al. [11] and Pisani et al. [12]. With a best performance 

in two out of the three metrics, including the three sub-metrics from transverse tension, the BMI appears 

to be the polymer matrix of choice when considering the flCNT stacks. However, in the design of such 
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nanocomposites, careful consideration may be required in balancing the three described metrics as per the 

application. Therefore, the molecular insights gained from this research can be helpful in guiding the 

selection of resin systems for the engineering of new flCNT-based composites. The results of this study 

are not generally applicable to traditional carbon fiber/polymer composites, as carbon fiber generally has 

a significant sizing layer on the fiber surface, and carbon fibers generally don’t have the pristine aromatic 

surface that was studied herein for flCNTs. 

 

Supporting Information 

The following document is available free of charge. The document (PDF) includes details on the 

polymerization for the three resin systems, configuration of all the nanocomposite models, qualitative 

analysis on BMPM planarization and additional details on the frictional resistance results. 
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