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Simulation of Rotary Nanomotions Based on Head-

to-Head Carbon

Nanotube Shuttles

Mustapha Hamdi, Arunkumar Subramanian, Lixin Ddvigmber, |IEEE, Antoine FerreiraMember,
|EEE, Bradley J. Nelsorenior Member, |EEE

Abstract—A novel rotary nanomotor is described using
two axially aligned, opposing chirality nanotube shttles.
Based on inter-shell screw-like motion of nanotubes
rotary motion is generated by electrostatically puing the
two cores together. Simulations using molecular dyamics
show the generation of rotation from armchair nanoube
pairs and their actuation properties. The simulatio
results, point towards the use of these motors aaitding

motion include bearings [3, 6, 7, 7b], linear senotors with
integrated position sensing [4], resonators/ogoiifa [8, 9],
encoders [7], and electrical switches [10]. Expenial [11,
12] and computational [13, 14] investigations halso been
performed on the geometric and energetic parameters
characterize the relative position and motion ofe th
neighboring walls of a nanotube for rotational rectaators.
In experimentally demonstrated devices [11, 12hatubes

blocks in nanoelectromechanical systems (NEMS) and served as bearings for a nanometallic rotor, whish

nanorobotic systems for actuation, and

computation applications.

sensing,

Index Terms—Rotary nanomotor, nanotube, NEMS,
nanorobotic system, molecular dynamics simulation.

. INTRODUCTION

electrostatically actuated
electrodes [11].

The chiral structures of nanotube shells [14, 1%Ero
alternate possibilities for generating rotary motibetween
coaxial nanotube shells without involving extraorst In
another effort, a rotary motor [16] was conceptuall
constructed from a double-walled carbon nanotub@/KD)

consisting of two single-walled carbon nanotube®/kKg's)

using microfabricated atast

Since the discovery of carbon nanotubes (CNTs) [1 ith different length and chirality within the fraawork of the

researchers have identified a number of promispgieations
in nanoelectronics, nanosensing [2b], nanoelectcbagcal
systems (NEMS) [2c], and nanorobotic systems [Zeldaon
their unique electrical and mechanical properfidse atomic
smooth surfaces and weak van der Waals interactietvgeen
nanotube shells allow them to readily slaled rotate relative
to each other. Previous reports on the inter-sh&dractions
and electrostatic actuation of telescoping multieglcarbon
nanotubes (MWNTS) [3-5] have demonstrated the riless
of these nanostructures. In these structures, matio the
nanometer scale can be generated in the form dingli
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moluchowski-Feynman ratchet. In that design, théala
sliding motion of the inner tube has been assunwedd
constrained and unidirectional rotation has beewshin the
presence of a varying axial electrical voltage.eH&e propose
an electrostatic rotary nanomotor based on twollgpadigned
nanotube shuttles, where the axial sliding moti@an de
constrained by the two nanotubes against each .ofher
addition, our recent success on the batch faboicadif shell
engineered nanotubes has demonstrated the key spesce
required to construct such shuttles for the finstet[6]. The
presented technique also offers a powerful toatdnotrol the
degrees of freedom of MWNT nanoconstructs, which is
essential in a number of nanorobotic/nanomanimnati
applications.

In order to reduce the development cost and tioméng the
nanodevice prototyping, computational methods wfutktion
are used in this work to palliate the lack of measwent data.
We present molecular dynamics (MD) simulations dedifgo
an adaptive intermolecular REBO AIREBO potentiald an
electrostatic interactions to characterize a supkyoolar
nanomotor. The goal of the present work is to tbtcally
demonstrate its working principle and characteribeir
actuation properties by considering the combinatiofh
chilarity pairs and their mutual, non-bonded atomic
interactions. MD-based computations are used taaeixt
device performance characteristics like inter-stagitl inter-
segment interaction energies, rotation, friction ascillation

rotation or screw-like motion between nanotube svallthat relies on rotational motion between individshells of a
Devices that have been proposed based on these fofrm multiwalled carbon nanotube.



The outline of the paper is as follows. The desim
fabrication of the rotary nanotube motors is praubsn
Section 2. In Section 3, the coupling of molecugnamics
and electrostatic charge distribution is introduc&ben, the
mechanical characterization of nanomotor actuatimiyuding
nonlinear characteristics of electrostatic forcesption
trajectory, friction and hysteresis, are discusse&ection 4,
followed by the conclusions..

Il. DESIGN AND FABRICATION OF ROTARY NANOTUBE
MOTORS

The rotary nanomotor is schematically illustratadFig. 1
(a) and (b). The motor consists of two MWNT segraesxith
opposing chiralities. The outermost shells aredixnd the
inner shells are freely suspended inside the cutes. By
applying a DC actuation voltage between the segnehe
axially aligned inner tubes approach each other te
electrostatic forces. Due to their opposite chiedi both
sliding and rotation, i.e., a nanoscrew, will bengmted
simultaneously during this motion. The chiral la/én an
MWNT form a bolt-nut pair, and the ultra-small ir&yer
friction resembles that in a lead-screw (Fig. 1(@J)ese make
it possible to form a bolt-nut based nanomotor whenput

two pairs with opposite chirality and actuate them

electrostatically in a non-contact way. After cantss made,
the sliding motion will be constrained, whereasatioh will
remain as the only possible degree-of-freedom fation.

One possible route towards fabricating these namndstes
involves picking CNTs with opposing chiralities apthcing
them head-to-head using nanorobotic manipulatignNre
recently, we have reported an alternate approaahréfalizes
batch fabricated nanoshuttles using a combinatidn
dielectrophoretic nanoassembly and high-yield, entrdriven
shell engineering processes [3, 6, 7]. In this apgh, an
individual MWNT is assembled onto multiple, elec#ily
isolated electrodes. The NT segments between etixtrare
then vaporized using the current-driven shell-etghi
technique (Fig. 1 (c) and (d)). Multiple, caplessnotube
segments with a 220-nm pitch and 6 to 15nm spaeiey
created from a single nanotube using this methddctwis
outlined in detail in [3, 6, 7]. Since a single narbe is broken
into multiple, axially aligned segments with thigpaoach, the
requirement of creating nanoshuttles with opposinigalities
can be met only in the case of armchair nanotulbksre the
helical angle can be regarded as eithé8 or /6. The
rotational direction in the case of armchair nahetypairs
cannot be predetermined in theory, but the mot@xjsected
to initiate rotation in one direction based on rd@m dynamic
factor and further continue this unidirectionalatidn. Thus,
an important requirement for the use of this bdatirication
approach for realizing nanoshuttles outlined irs thaper is
that the nanotube sample, which is used for dielpbbretic
assembly, should contain only armchair nanotubegilé
challenges remain in controlling the chirality efdividual
nanotubes, recent progress on this aspect of ramaxowth
such as forming MWNTs with every shell having azaig
helicity [17] and armchair SWNTs [18, 19] offer pmising
routes towards realizing all-armchair CNTs as rexgfufor the
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Fig. 1. (a) Operating principle an¢b) schematic design of a rotary
nanomotor based on axially aligned nanotube sisufflee voltage is applied
to both sides with a direct current voltage inefvith a capacitor to avoid
the generation of current. (c) Cross-section viéthe rotary nanomotor. (d)
Shell engineered nanotube shuttles formed with 8 2fh pitch and
separated by ~10 nm gaps. The arrows point tontlee-segment gaps in this
image. (e) Schematic illustration of the core—shwthanism with the inter-
segment gaps exaggerated to reveal the shell steuct
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batch fabrication approach. 80 i

[ll. MOLECULAR DYNAMICS SIMULATIONS ON ROTARY 75 8
MOTORS $ 70 |

Since the nanotube wall has a helical symmetryyas 8
g 65 ,

recently proposed that a DWNT can serve as a neswsc i

D
(=]

Such nanoscrews can operate, for example, as @t afig L‘ UM | .
perforating nanodrill or a nanodevice in which acéo or - ‘ ‘ UWMMWWWMWWWWWW |
linear motion along the nanotube axis can be toans#d into ‘

a torque or rotary motion of the core tube [16}eviously, a 50 ’ ]

classification scheme for non-chiral DWNTs has been s ‘ ‘ ‘ ‘ ‘

developed [13], energetic barriers to the relasliding and 0 1 2 ﬂmj(ns) 4 5 6
rotation of walls in DWNTSs [14] and to the rotatiofi shells J
in double-shell nanoparticles[15, 16] have beercwated, @
and the theory for dynamics of the relative rotatisliding oF ,
and screw like motion of nanotube walls has beereldped N
[14]. In this work, we show by molecular dynamiasiglation 2l ‘ i
that it is possible to construct a MWNT motor atedsby a
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**“** ***‘* Fig. 2. (a) Charge distribution along the axialedtion for an open ended
sl ***m*wwﬂ%w*ﬁﬁ** ‘ | nanotube (V=6V). (b) Electrostatic potential mapng a DWNT structure.
0 1 2 3 4 5 (c) Cross-sectional view showing the charge distitm during contact
Axial position of atom (nm) between neighboring segments. Negatively chargetisshre located on
@ the left, while the positively charged shells apealted on the right. (d)

Attractive electrostatic energy between two opmbgitharged inner shells.
(e) Repulsive electrostatic energy between theriamel outer shells. The
sliding time of the system is 0.4ns.

investigated in this paper by taking a rotary maionsisting of
two armchair nanotubes as an example. The motmistsrof a
shuttle structure as shown in Fig. 1 (a) and (KhvBNT’s
characteristics given in Table 1. Using classicallenular
dynamics with empirical potentials, we show tha¢ thner
CNT can rotate.

() A. Smulation method
In this work, we focus on simulating the nanotulogary
motor's performance using classical means. Thisaggh can
consider structures that have dimensions comparabitne
experimentally observed ones that have been higeliyin
Fig. 1(c) and (d). Specifically, we have considesaedO-shell
MWNT device with individual segments that are 200lumg
and separated by a gap of 5nm. First, we applycamton
bias and calculate the charge distribution along ¢harbon
© structure using the atomistic moment method. ThEme
DC voltage. Without losing generality, the moleculacharge distribution and nanoshuttle structure sesvenputs to

dynamics modeling and the working principle of thetor are the molecular dynamics computations using an adapti




intermolecular REBO AIREBO potential [20] and
electrostatic interactions. MD-based computatiomsused to
extract device performance characteristics likerishell and
inter-segment interaction energies, rotation, ifsict and
oscillation.
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Fig. 3. (a) Forces acting on a terminus atom latatiéhin an inner shelF;
is the attractive electrostatic force between oftplyscharged inner shells
located within the neighboring segmenk and Fen are tangential and
normal components, respectively, applied by theroshell within the same
nanotube segment. (b) Interaction energies betweentwo segments in
inner and outer shells. Blue, cyan and red curgpsesent electrostatic, van
der Waals and the total non-bonded energy compsnesspectively. (c)
Total non-bonded energy attraction between a segmitn green color in
the inner nanotube and three successive segmetthis guter nanotube.
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Table 1 Parameters of CNTs

Shell's number Chiral angle Chirality vector Diameter
rd (n, m) 10°m

Shell 4 (outer) + 176 n=m=40 5,424

Shell 3 + 176 n=n=35 4,746

Shell 2 + 176 n=m=30 4,068

Shell 1 (inner) + 176 n=m=25 3,390
The total potential energy of system is given by
U tot =U elec +U P , WhereU elec is the electrostatic energy

due to extra charges on two carbon atoms afdis the
AIREBO interatomic potential. AIREBO potential inttuces
non-bonded interactions through an adaptive tremtnwehich
allows the reactivity of the REBO potential to baintained.
A possible problem due to the introduction of imetecular
interactions is that the repulsive barrier between-bonded
atoms may prevent chemical reactions from occurrifige
AIREBO potential corrects this problem by modifyirige
strength of the intermolecular forces between pafratoms
depending on their local environment. The AIREBQepgal
term [20] is given by:

ii 9" (1) =0,,0" () +0 () )+ ki

Up:}
2

N
¢t0r
kijl
=1

[
#i,j

1)
where ¢R (ri,j) and ¢A(ri,j) are the interatomic

repulsion and attraction terms,¢|“] (ri,j) is the

parameterized Lennard-Jones potenlix;ylJ is the bond order

function, and¢tk?jr| is the single bond torsional interaction.

The electrostatic energy is calculated using Coblentaw:

g _ 4iqj
Eij = 747ER”‘ , whereqi andqj are extra charges on carbon
atoms, Rij is the interatomic distance, and is the
permittivity.

B. Electrostatic charge distribution along the length of a
carbon nanotube

Electron microscopy provides direct evidence faetirshell
displacements induced by electrostatic actuatior]3In our
simulations, the charge distribution on the carbanotube is
obtained by an atomistic moment method based ossickl
electrostatics theory [21]. We consider MWNTs wfthite
lengths. For simplicity, the nanotube is assumeleaituated
in an idealized electric field, i.e., the voltage the nanotube

surface ia/o. For a nanotube with N atoms, the potential at an
arbitrary atomic position [21] is given by :



qg. ) inner shells within the two segments towards edabkroWhen

_ J
Y (ri )_§4m0 ri —rj

this applied excitation bias exceeds a charadteisteshold
value, these electrostatic interactions becomeehigan the
van der Waals forces that try to restrain the irstells from

where V is the electric potentialqj the point charge on extruding. This results in a closure of the integiment gap.

atoms, r; the location of the charged atom, ang the

permittivity of vacuum. Because of the equipotdrgtatus of
the nanotube surface, N equations can be writtean fmatrix
form as follows:

[Al{a} ={v} @3)

For the system under consideration, the sliding tisr0-0.4 ns.
This is comparable to device operation times eséthan [22].

B. Rotation of inner shells
1) Forceanalysis

At the closed state of the system, a terminus at@hin the

where{q} and{v} are the charge vector and the potentidnner shell is subjected to van der Waals forces tmee

vector, respectively, anpA]is an NxN matrix.

Using Density Function Theory (DFT) we calculatdue t
charge redistribution along double walled nanot{gs 23].
We found that electrons are transferred from outke to the
inner tube with charge transfer density of 0.00% e/

IV. RESULTS ANDDISCUSSIONS

A.  Nanomotor actuation

For structures with geometric parameters similathose
illustrated in Fig. 1(c) and (d), simulations editb that the
MWNT shuttle-based devices can be actuated eladifri@and
the neighboring segments slide towards each otheotne in
contact at low voltages (~ 5V). In this effort, Wweave
specifically investigated the rotation of inner lhen this
contact state.

To explain the proprieties of nanomotor behaviotetishell
electrostatic and van der Waals energies were figatsd and
inner CNT trajectories were studied using MD sirtialss.
The charge distribution along the CNTs was caledlaas
described in section Ill. Fig. 2(a) shows the ckadigtribution
on carbon atoms along the length of a 5 nm long $WiKen
the electric potential on the surface is 6.0 V. Teiectric
charge value is in the range of 5%l 34x1C%. It can be
seen that the charges on atoms located at theatpatt of the
tube do not vary significantly, whereas the chaeatoms at
the two ends are much higher. The charge valueh rea to

components of electrostatic forces. Fig. 3(a) shawsrminus
carbon atom with these force componerftg, is an attractive
electrostatic force which is applied by the innbelk of the

Energy (eV)

-5

0 1 2 s s 5 B

Time (ns)
Fig. 4. Attractive electrostatic energy betweenitimer shells within two
neighboring segments (red colored segment and grelened one). As
shown by the curve, sliding occurs between 0 a@d<).while at 0.2ns
the inner shells establish contact. After 0.2ng émergy is constant
indicating that both inner shells rotate with tlzeng velocity and in the
same direction.

neighboring nanotube segmerl’r_tEl and Fen are the tangential

and normal components, respectively, of the eletdtw
repulsive force applied by the outer shell of thene nanotube
segment (N.B. the van der Waals components arshuatn in

34x10° e for the open-ended nanotube. Fig. 2(b) shows tHdS figure).

electrostatic potential map along a DWNT. In adudifi the
electrostatic potential is much higher at the ounotube as
compared to the inner one [22].

When a potential difference is applied between tihe

In order to understand the origin of this innerlishatation,
we calculate the inter-layer interactions duringation. We
divide the nanotube into unit cells as illustratedrig. 3(b).
This figure shows the two types of energies actingan inner

MWNT segments, opposite charges are induced oreth&gyit cell as it approaches an outer one. Theseetvengies are

MWNT segments, as illustrated in Fig. 2(c) where tiue
color presents the positive charge and the red cefmresents
the negative charge. The electrostatic interactéhresto these
induced charges include attractive forces betwegepositely
charged neighboring MWNT segments and repulsiveeor
between the same-polarity shells within the indialdMWNT
segments. For a given bias, the attractive eldettiosenergy
between two oppositely charged inner nanotubesfasciion
of time is shown in Fig. 2(d). Fig. 2(e) depicte trepulsive
electrostatic energy between the inner and ther alhtells.
The net effect of these electrostatic interactidog to an
applied bias is an electrostatic force that teraslide the

added together to get the total non-bonded eneantiygeon the
inner unit cell. The graph shows that from 2.78fin2.818ns,
the total attractive non-bonded energy (red cuiuwejeases,
and from about 2.833 to 2.900 ns the total enemgprahses
when the two unit cells become close and sepafat2.828ns,
the non-bonded energy decreases to -0.55eV becdube
repulsive van der Waals term when the atoms arg clese.
This clearly shows that the rotation of the innanetubes is
mainly caused by the interlayer attractive non-teshdnergy.
We characterized the interaction energy betweenitacell
in the inner and three successive unit cells in theer



nanotube during ar+f rotation angle. Fig. 3(c) illustrates 2

the interaction between these unit cells.

a)During the time interval between 2.780ns to 2.83%ms
total non-bonded energy between the inner segment 1t
(green colored) and the first outer segment (red)
significantly increases. This means that the imsgyment
is strongly attracted by the first outer segment. A
2.828ns, the energy decreases to -0.55eV whichused
by the repulsive van der Waals energy when the
neighboring segments become quite close.

b) During the time interval between 2.820ns to 2.848ms

o
3

y displacement (nm)
o

-05F

total non-bonded attractive energy between therinne st

segments (green) and the second outer segment) (cyan

increases strongly. This means that the inner segise 2438 a1 o5 o 05 1 15 2
strongly attracted by the first outer segment. &38ns, X displacement (nm)

the energy decreases to -0.55eV which is causettheby (@)

repulsive van der Waals energy when the neighboring
segments become very close.

¢) During the time interval between 2.830 ns to 2.850

the total non-bonded attractive energy betweerirther 35
segments (green) and the third outer segment (rtegen 3
increases strongly. That means the inner segment is ,;
strongly attracted by the first outer segment. B438ns,

the energy decreases to -0.55eV which is causeitheoy
repulsive van der Waals energy when the neighboring
segments become close.

The calculations, using MD simulations coupled to
electrostatic charge distribution calculations gldhe CNTSs, S
show that electrostatic forces bring the two sedmen
contact (Fig. 3(b)). The calculations demonstrdiat tthe -
interlayer van der Waals forces at the contactestdn 2 2 (p)
generate a torque and result in rotation (Fig.)3(¢an der
Waa.ls forces are stronger than the friction forcesing Rotating circular path of this terminus atom, {rminus atom rotatic
rotation. asa function of time. This curve shows that the imsleell rotates wit

The attractive electrostatic energy analysis batwesad to  constant velocity.
head CNTs shows that these CNTs rotate with theesam
velocity and in the same direction, as illustratedig. 4. The
attractive electrostatic energy becomes stabler afte
neighboring segments come in contact with eachrofiiee
inner shell trajectory analysis shows rotation withnstant
velocity as illustrated in Fig. 5.

Time (ns)

Y displacement (nm)

Fig. 5. Termini atom trajectory in an inner sheliridg rotation, (e

We studied the mechanical properties of the MWNwittid+
based device. The mechanical delivered force abdain
directly from simulation. We use a modified steenealecular
dynamics (SMD) technique to measure the motion eforc
bringing the two segments in contact. We ran a Muktion

of the electrostatic force with an applied exterr@hstraint to
the inner shell terminus. This constraint was agplin the
form of a harmonic spring of known stiffnegsattached to the

Force (nN)

002 004 006 008 01 012 C14 016 018 02

center of mass of the terminus nucleic acid. Taarionic Time (ns)
guiding potential and the corresponding exertedefdor this Fig. 6. Termini atom mechanical force in a inneelkdelivered during a
system are of the form [24]: 10 nm “OFF"-to-“ON” transition. The force is measdrby a modified

steered molecular dynamics.

U=-Kkx— x)¥2 and F=kx— x). 4) varies linearly with a constant slope during i@nsient state.

Then, when both inner tubes are approaching,dteiarly seen

wherex, andx are the position at rest and the current positiohat saturation occurs when in contact. The driioge is
in nm. As shown in the Fig.6, the mechanical delivered¢dor around a mean value of 0.3 nN.



2) Hysteresisanalysis
MD simulations demonstrate the hysteresis behavligr
distance-bias plots of the inner CNTs during theréasing
and decreasing voltage cycles. Figure 7 represéms
hysteresis plot of the MWNT shuttle-based devitavhich
the voltage was first increased from 25 to 37V atimbn,
decreased from 38 to 25 V (voltage values are caled).

o 2
Shell

10
£ 105]
£
< 104

8 103

12

12

Distance in A

Timeinns

Distance (nm)

6 — — — — — — — — —\— ——— e — —

©

distance in nm

Voltage in V

Fig. 7. Hysteresis behavior indicated by distanies-plots of MWNT shuttle
during the increasing and decreasing voltage cytegts show the profiles
of center-of-distance separation between shelhgfitube), shell 2 and outer
tube for “ON"-to-“OFF” transition. (a) a bias betere 5-to- 20V generates an
oscillatory motion while (b) a bias up to 37V gesie the contact state
between both inner tubes.

As can be seen from the MD simulation in Fig.7(t)e

nanomotor reaches the contact state at 37V durirg t7b]

increasing voltage segment and returns to a notacoastate
at 30V during the decreasing voltage segment.
characteristic can be attributed to electrostaiicds between
the inner shells of that bring the two segmentsdntact. As
demonstrated previously in Fig. 3(b), these forege a
function of both applied voltage as well as shaikipion.
Insets shown in Fig.7(a) and Fig.7(b) demonstiaetriansient
behavior between oscillatory-to-contact motion. iCeory
motion, around 20Ghz, is sustained for low biasi@albelow
the threshold voltage (30.1V) [25]. We can see ttheg
amplitude of the separation distance keeps constant it is
equal to the initial extrusion length of the sHel{in red) and
the shell 2 (in blue). It can be seen that the FGt©-“ON”
transition (38V) occurs at a higher voltage comgatie the
“ON"-to-“OFF” transition (29V). This hysteresis baior has
been exhibited in experimentation by the authof&j.

This

V. CONCLUSIONS

A rotary nanomotor has been designed using twollgxia
aligned, opposing chirality nanotube shuttles. Bage inter-
shell screw-like motion between nanotubes, rotaotion is
generated by electrostatically pulling the inneglishtogether.
Simulations using molecular dynamics were usedyestigate
how rotation from a pair of nested armchair nanetphirs can
be generated. The ultra-compact dimensions compgred
previous designs and the progress on batch falmicaif
similar nanostructures indicate that these motoegpaomising
building blocks of NEMS and nanorobotic systemssfensing,
actuation, and computation applications.
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