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a b s t r a c t 

In this study, we perform non-equilibrium molecular dynamics simulations to study the friction coeffi- 

cient between two carbon nanotubes grown vertically on two separate graphene layers, which are placed 

parallel to each other with one set in motion. Significantly high values of approximately 3 and 1.5 are 

computed for the static and dynamic friction coefficients, respectively. The effects of nanotubes overlap- 

ping length, speed of relative movement on the dynamic friction coefficient are also studied in our work. 

According to our results, and in agreement with the standard model of friction, dynamic friction between 

the two carbon nanotubes remains constant, regardless of the relative speed of their movement. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Carbon nanotubes (CNTs) constitute one of the most interesting 

nd promising carbon allotropes due to their remarkable chemi- 

al and mechanical properties. These properties have inspired sci- 

ntists and engineers to utilize CNTs in construction and forma- 

ion of composites and films [1,2] , along with several other appli- 

ations. CNTs can be classified into single-walled (SWCNTs) and 

ulti-walled carbon nanotubes (MWCNTs) with the existence of 

hirality, and the chirality number, playing a significant role in 

heir exhibited properties. Theoretical investigations indicate high 

ensile strength of about 100 GPa for SWCNTs [3,4] , but due to 

heir size, with diameters in the range of a nanometer, it is a chal- 

enge to experimentally measure mechanical properties of CNTs. 

evertheless, experimental results for Youngs modulus and tensile 

trength of MWCNTs have been reported at 470 and 1163 GPa, re- 

pectively; see [5,6] . Additionally, experimental studies regarding 

he friction coefficient between two CNTs and the friction of verti- 

ally aligned CNTs film against gold tips have been published in 

he past; see [7,8] . To the best of our knowledge, no molecular 

ynamics (MD) simulation have been published so far to compu- 

ationally demonstrate these results, although there some limited 

elevant publications using MD simulations to analyze rotational 

nd transnational dynamic friction of double-walled carbon nan- 

tubes; see [9,10] . Therefore, we consider it an interesting and use- 
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ul endeavor to carry out MD simulations and compare our results 

gainst these experimental results. 

This research is done with the prospect of evaluating friction 

icro-element candidates for MEMS design. Here we consider the 

riction of two CNTs attached to short graphene patches; see for 

xample [11] . Commonly, friction surfaces used in engineering rely 

n surface roughness and are subject to wear, while the corre- 

ponding friction coefficients are not perfectly consistent and/or 

ngineerable. CNT friction has not been sufficiently studied in gen- 

ral and, to our knowledge, not at all for the purpose just de- 

cribed. Therefore, the present work is a feasibility study in this 

ontext and, as our results demonstrate, quite high and consistent 

riction coefficient values are achievable. Therefore, one may also 

onsider applications involving an appropriate shaping of surfaces 

ith CNTs to achieve a controlled, high frictional behavior. 

Specifically, in this work, we perform MD simulations to com- 

utationally evaluate the friction coefficient between two straight 

NTs which are interlocked as depicted in Fig. 1 . We furthermore 

onsider each of these two CNTs to be grown on a flat graphene 

ubstrate as shown in the same figure. We then apply a shear force 

o the top layer for inducing motion and estimate the friction co- 

fficient between them using the standard model of friction. Both 

tatic and dynamic friction coefficients are considered in this study, 

long with the effects of the applied shear force, movement veloc- 

ty and CNTs overlapping length on them. 

The rest of this paper is structured as follows: 

ection 2 presents the problem formulation and the employed 

omputational approach, followed by Section 3 in which our 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. The schematic of interlocked CNTs from two views. Applied force F and 

movement are in z direction. 
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Fig. 2. Force components versus time (a) along z and (b) y directions (Normal 

force). Motion onset is indicated with a leader in (a). Dynamic phase follows the 

value jump depicted in both graphs. 
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imulation results are reported and discussed. Finally, concluding 

emarks and potential future research directions are included in 

ection 4 . 

. Problem formulation and computational approach 

Static and dynamic friction coefficients between carbon- 

anotubes are calculated via non-equilibrium molecular dynam- 

cs (NEMD) simulations with periodic boundary conditions along 

oth in-plane directions and a free boundary condition in the per- 

endicular direction. The present simulations consider SWCNTs of 

ength 1 − 3 nm , with (6,6) chirality (equivalent to the tube ra- 

ius of ∼ 0 . 8 nm ). The optimized Tersoff potential by Lindsay and 

roido [12] is considered to derive the inter-atomic forces be- 

ween the carbon atoms and Verlet intergration, with a time-step 

f 1 fs, is employed in particles trajectory calculations. The Large- 

cale Atomic/ Molecular Massively Parallel Simulator (LAMMPS) 1 

13] is used for performing all molecular dynamics simulations in 

ur work 

Proper calculation of friction force requires a series of prepara- 

ory steps that are briefly described here. First, energy minimiza- 

ion is performed for positioning atoms in the system. Then, we 

mplement a relaxation phase via an NVT (constant atom Num- 

er, Volume, and Temperature) ensemble with the use of the Nosé- 

oober thermostat and barostat [14] . In this procedure, the struc- 

ure reaches a temperature of 300K in 1 ps. Afterwards, equilib- 

ium state is achieved with an NVE (constant atom Number, Vol- 

me, and Energy) ensemble for 1 ps to further relax the system 

t 300 K. Then we apply a shear force F , as shown in Fig. 1 , to

vercome static friction and produce motion. The applied force is 

ncreased gradually over time so that we can distinguish static and 

ynamic friction phases and measure the corresponding values. It 

s also worth mentioning here that all following results have been 

btained by averaging over 10 simulations, with different initial 

tomic velocities, to account for the computational uncertainties. 
1 https://lammps.sandia.gov/ 
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. Results and discussion 

All lengths reported in this section are integer multiples of the 

exagons in the CNT hexagonal lattice. Furthermore, the employed 

verlapping length d corresponds to the non-dimensional ratio of 

he overlapping length over the total CNT length. 

Figure 2 depicts friction force components along z and y di- 

ections for an overlap of d = 2 / 8 = 1 / 4 ; see lower-left corner of

ig. 1 for the employed coordinate system. Solid lines, in the same 

gure, correspond to smoothed curve fitting to raw data. Although 

raphs in Fig. 2 represent a rather simplistic view of friction, they 

o agree fairly well with obtained experimental results of an ob- 

ect’s movement on a flat surface. The increase of static frictional 

orces preventing relative motion, up to a certain threshold value, 

re recorded and this motion threshold is indicated with a leader 

n Fig. 2 (a). This threshold of motion involves a manifestation of 

he stick-slip mechanism at both microscopic and macroscopic lev- 

ls since it resembles the behavior exhibited by two surfaces in 

ontact starting from rest and attempting to slide them with re- 

pect to each other. We can obviously use this point to evaluate 

he value of static friction coefficient; see dashed lines in Fig. 2 . 

ast this point, the two CNTs are in relative motion and the fric- 

ional resistance exhibits a practically constant value correspond- 

https://lammps.sandia.gov/
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Fig. 3. Observed bending-dominated mechanism of CNT interaction, showing the 

resultant forces in the primary plane of interaction yz. 
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Fig. 4. Force components (a) along z, (b) y and (c) x directions versus tim

3 
ng to the dynamic frictional forces; see dotted lines in Fig. 2 . 

pecifically, for the static friction coefficient, based on the case 

hown in Fig. 2 , we substitute F smax 
z = 6 . 41 pN and F y = 2 . 91 pN in

 

smax 
z = μs F y which yields μs = 2 . 20 for the static case. Regarding 

ow the dynamic case, we similarly substitute F z = 2 . 18 pN and 

 y = 1 . 51 pN to get μk = 

F z 
F y 

= 1 . 44 . These results are obviously in

ualitative agreement with the standard model of friction and the 

ecreased value of the dynamic coefficient with respect to the 

tatic one . 

We additionally perform the calculation of friction forces and 

orresponding coefficient values by considering an alternative 

etup. Specifically, we consider a constant speed for one of the lay- 

rs (upper one) and compute resulting friction forces for all collid- 

ng CNT pairs with time. The values of the same force components 

 F z , F y and F x ) are illustrated in Fig. 4 versus time. Once again, solid

ines correspond to a smoothed curved fit to the obtained readings. 

ue to the employed periodic boundary conditions along z axis, 

e capture several crossings of CNTs and transitions from static 

o dynamic friction. We observe and reason from basic principles 

hat the dominant mechanism at play is bending: As CNTs try to 

ccupy the same space, carbon atoms repel each other, causing a 

orce component, F z , that resists motion. As bending deformation 

f the CNTs progresses, another force component, F y , develops in a 

irection perpendicular to the motion direction and the substrate 

lane Fig. 3 . Lastly, beyond a certain deflection amount, the system 

ecomes unstable and CNTs rapidly deflect sideways, i.e., in the x- 
e in dynamic case. Solid lines are the smoothed fitting to real data. 
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Fig. 5. (a) Force components are shown in one period. (b) Force component in the 

direction of movement (z axis) as a function of force in normal direction (y azis). 
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Fig. 6. Static friction coefficient, μs , as a function of the dimensionless overlapping 

length d for different CNTs dimensionless lengths, l. For all lengths, μs rapidly in- 

creases till d ≈ 0 . 5 and it then slowly converges to its maximum value as d → 1 . 
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irection, to clear each other. In the special case in which CNTs 

ontact each other centrally, as in this study, then a leftwards or 

ightwards x-deflection is equally possible. 

During the relatively brief time interval of this resetting motion, 

 lateral force component, F x , also appears, similarly to F y , and then 

anishes together with F z and F y , when CNTs are no longer in con- 

act. In the context of multiple arrayed CNTs, undergoing similar 

otions with stochastic time interval differences, this mechanism 

s postulated will cause sustained resultants for F z and F y , while 

tochastically the F x components would cancel each other out, due 

o their practically random leftward and rightward orientations. 

his behavior is very similar to the well-understood mechanism 

f friction between rough surfaces and it is precisely this similar- 

ty that allows us to compare the studied CNT contact with friction 

nd describe it using a friction coefficient. This insight also opens 

he possibility to use CNTs in isolation or in patterned arrays to 

ngineer desired frictional behaviors. 

Force components for one period are depicted in one graph, 

ig. 5 (a). At the same time we overlay the position of CNTs to each 

ther with respect to time so that we can easily identify the cor- 

esponding regions in the graph. We may now use the same equa- 

ion we employed before, i.e., F z = μk F y , and determine dynamic 

riction coefficient, μk , with the help of the average values for F y 
4 
nd F z that correspond to the dynamic friction phase. Specifically, 

f we follow this procedure and plot the average values, F̄ z vs F̄ y , 

n the same graph, we get the relation depicted in Fig. 5 (b). This 

raph, which corresponds to the same dimensionless overlapping 

ength used in Fig. 2 , allows us to estimate the dynamic friction 

oefficient, μk , as 1.438. The dynamic friction coefficient value cal- 

ulated by this method is approximately equal to the value derived 

efore. 

We now proceed with the investigation of the effect of the 

forementioned factors on the frictional coefficient values. We start 

ith the effect of CNTs overlap on the static friction coefficient. 

igure 6 depicts the static friction coefficient value as a function 

f the dimensionless overlap length d for different dimensionless 

ength of CNTs l. This behavior is in agreement with the static fric- 

ion coefficient results reported by Suekane et al. in [7] . Specifi- 

ally, they experimentally measured the static friction force for a 

ide range of overlap lengths and acquired results in the range of 

2,3) for the static friction coefficient value for overlapping lengths 

p to 60 nm . As can be easily seen in Fig. 6 , we obtain results

ith practically the same range of values. Another interesting find- 

ng in Fig. 6 is the abrupt increase in the value of the coefficient 

or overlap values, d, between 0.25 and 0.5, followed by a very 

low increase for higher overlap ratios. The abrupt increase in the 

alue of the friction coeent, for 0 . 25 < d < 0 . 5 is attributed to the

ncreasing bending stiffness of the CNTs, as the median contact 

oint moves closer to their foundation, but for d > 0 . 5 the stiff- 

ess is sufficiently high that even minor perturbations cause an 

arly lateral deflection of the CNTs, thereby shifting the contact 

oint sideways rather than further downwards, causing an appar- 

nt ǣsaturation ǥ of the mechanical effect. Consequently, an asymp- 

otic trend is observed for d > 0 . 5 . 

The dynamic friction coefficient as a function of relative speed 

f CNTs pair for a range of overlapping lengths is depicted in 

ig. 7 (a). According to the standard model of friction, dynamic fric- 

ion remains constant between two surfaces, regardless of the rela- 

ive speed of their movement. In Fig. 7 (b) we can observe that dy- 

amic friction coefficient values converge to a practically constant 

alue for each examined relative speed of CNTs, when the overlap 

atio exceeds 3/8. 

To better illustrate this result, we plot the F z and F y component 

alues with time under the lowest and highest considered speeds, 

n Fig. 8 (a) and (b), respectively. Both graphs correspond to an 

verlap ratio of 2 / 8 and we can observe a slight decrease in both 
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Fig. 7. Dynamic friction coefficient as a function of relative speed of CNTs for dif- 

ferent overlapping lengths. 
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Fig. 8. Force components along z (blue) and y (green) directions versus time in one 

period for an overlap of d = 2 / 8 . (Color online) 
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omponent values for the highest speed of relative movement. The 

alculated difference is less than 1% for the depicted ratio, d = 2 / 8 ,

nd it goes up to 2% for higher interlocking values. This drop is due 

o inertial effects of the deforming CNTs and is consistent with es- 

ablished trends in conventional materials, where likewise a very 

mall drop in the dynamic friction coefficient is known to occur 

ith increasing velocities -although not exactly for the same rea- 

ons; see [15,16] . 

. Conclusions 

In this study, we performed non-equilibrium molecular dynam- 

cs simulations to computationally estimate the values of static and 

ynamic friction coefficients between a pair of SWCNTs. We have 

onsidered two carbon nanotubes grown vertically each on a sep- 

rate flat graphene substrate. Movement was induced by appli- 

ation of shear force on one of the layers and two separate ap- 

roaches were employed for the calculation of friction coefficients. 

oth static and dynamic friction coefficient calculations resulted in 

arge values of friction between the CNTs. Specifically, a value of 

pproximately 3 is evaluated for the static friction coefficient with 

n overlapping ratio d ≥ 0 . 5 . The dynamic friction coefficient was 

alculated in the range of (1.4,1.5) for all overlapping lengths. Fi- 

ally, we studied the effect of shear force, relative speed of move- 
5 
ent and overlapping length on the friction coefficients’ values 

ith results that are largely aligned with experimental results and 

heoretical expectations. 

It is observed and explained from basic principles that the phe- 

omenon is bending-dominated, as CNTs deform when trying to 

ccupy the same space. The overall manner of force generation 

ears similarity to the friction mechanism between rough surfaces, 

ut with the additional affordance that a high, user-adjustable co- 

fficient of friction is attainable. 

Our measurements of friction forces between sliding pairs of 

NTs can therefore shed some light into the properties of interac- 

ion between arrays of aligned CNTs grown on relevant substrates. 

ased on these insights, one may devise testing approaches for val- 

dating and experimentally acquiring relevant results. For example, 

ligned CNT arrays with low site density can be used in conjunc- 

ion with an Atomic force microscope (AFM) to characterize single 

NT behavior. On the other hand, a pair of CNT forests grown on 

ubstrate and sliding in respect to each other may be used for con- 

idering friction forces at the macroscopic scale. 

Finally, some rather obvious next steps in this line of work in- 

lude the study of potential temperature effects on friction coeffi- 

ients along with the extension of our calculations to MWCNTs. 
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