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Combining total energy and molecular dynamics calculations, we explore the suitability of
nanotub e-based hooks for bonding. Our results indicate that a large force of 3:0 nN is required
to disengagetwo hooks, which are formed by the insertion of pentagon-heptagon pairs in a (7;0)
carbon nanotube. Nanohooks based on various nanotubes are resilient and keep their structural
integrity during the opening process. Arrays of hooks, which are permanently anchored in solid
surfaces, are a nanoscale counterpart of velcro fasteners, forming tough bonds with a capability of

self-repair.

PACS numbers:

Carbon nanotubes [1], consisting of graphite layers
rolled up to seamlessnanometer-widecylinders, are now
considered important building blocks for nanotechnol-
ogy [2]. Their extraordinary medanical properties, in-
cluding high sti ness [3{5] and axial strength [6, 7], are
related to the unparalleledtensile strength of graphite [8].
In single-wall nanotubes(9, 10], substitution of hexagons
by pentagon-heptagon pairs is known to causea perma-
nent bend in the tube and to changeits chirality [11].
The morphology of a hanotube deformedto a hook is il-
lustrated schematically in Fig. 1(a). A High-Resolution
TrasmissionElectron Micrograph (HRTEM) of this sys-
tem [12] is reproduced in Fig. 1(b), and a Scanning
Electron Micrograph (SEM) of nanohooks [13] is shovn
in Fig. 1(c). So far, studies of nanotubes containing
pentagon-heptagon pairs have concerrated on their in-
triguing electronic properties [14].

Here we explore the suitability of nanotubes, perma-
nertly deformedto hooks or other non-cylindrical struc-
tures, to e ectuate bonding betweensolid surfaceq15], as
a nanometer-scalecounterpart of velcro. We study the
physical properties, including medanical strength and
resilience,of a micro-fastening system consisting of solid
surfacescoveredwith nano-hooks, illustrated in Fig. 2(a)
and Fig. 1(c), which we call 'nanovelcro’. By studying
the atomic-scale processesduring closure and opening,
we show that a nanovelcro junction should be ductile
rather than brittle, and exhibit large toughness.We nd
that nanovelcroo ers signi cant advantagesover corven-
tional adhesivesand welding, including thermal stability
to 4,000K, and a self-repairmecanismunder local shear.
With a large density of hooks per area, strong bonding
can be achieved in parallel to medanically decoupling
the connectedparts.

To determine the physical behavior of the nanovel-
cro micro-fastening system, we combine total energyand
structure optimization calculations with molecular dy-
namics simulations. In order to describe realistically a
possiblesp?! sp® rehybridization during the openingand
closing of nanovelcro bonds, we use an electronic Hamil-
tonian that had beenapplied successfullyto describe the
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formation of peapods [16], multi-w all nanotubes[17], the
dynamics of the \buc ky-shuttle" [18], and the melting of
fullerenes[19]. Total energiesand forces are compared
to those basedon the Terso potential [20] for strained
structures that maintain sp? bonding. When modelling
the dynamical processesduring opening and closure of
the hook assenbly in Fig. 2(a), we subject the grey-
shadedrigid anchor sectionsto either a constart force

FIG. 1: Structure of a nanotube-basedhook. (a) Schematic
view of a hook, formed by inserting pentagon-heptagon pairs
in an all-hexagon tubular structure, and the equilibrium
structure of hooks based on a (7,0) and a (12,0) nanotube.
(b) Transmission Electron Micrograph of a nanotube-based

hook, published in Ref. 12. (c) Scanning Electron Micro-
graph of an array of nanohooks grown on a surface [13]. (d)
Atomic binding energiesin (7,0) and (12,0) nanohooks. The
grey scalecoding re ects the energy scaleon the right.
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FIG. 2: (a) Schematic drawing of a two-hook assenbly, de n-
ing the anchor distance x, the direction of the opening force
F, and the closingforce F.. Snap shotsof the (7; 0) nanohooks
during (b) closure and (c) opening of the nanohook assenbly.
(d) Force acting on the nanohooks during the opening and
closure of the assenbly asa function of the relativ e anchor dis-
placemert x. The labels correspond to structures depicted
in (b) and (c). The grey-shaded area, depicting the hystere-
sis, represerts the energy dissipated during an opening-closing
cycle.

or a constart velocity in the desireddirection.

As illustrated in Fig. 1(a), a set of six pentagon{
heptagonpairs causesa permanert deformation of a (7; 0)
single-wall nanotube to a nanohook [12]. Euler's theo-
rem suggeststhat a hook deformation due to pentagon-
heptagon insertion does not depend on the chiral index
of the tube. This is illustrated by comparing the relaxed
structures of the (7; 0) and the wider (12; 0) nanotube in
the right panel of Fig. 1(a). Eventhough substitution of
hexagonshy pentagon-heptagon pairs in a nanotube is
energetically unfavorable, the systemis su cien tly ex-
ible to redistribute the strain in the vicinity of the pen-
tagons and heptagons.

To visualize this strain redistribution in the struc-
ture, we grey-shadedthe spheresrepresering individual
atoms accordingto their binding energyin Fig. 1(d). We
found all the atomic binding energiesto be lower than
the 7:4 eV value of graphite. The least stable atoms,
indicated by the darkest shading in Fig. 1(d), are lo-

cated in the caps. The atomic arrangemen at the hemi-
sphereterminating the (7;0) nanotube is similar to the
strained Cp4 fullerene, with atomic binding energiesof
only 6:4eV. The cap structure at the end of the (12; 0)
nanotube resenblesthat of the more stable Cg,4 fullerene,
with atomic binding energiescloseto 7:1 eV. In general,
we expect the occurrenceof pentagon-heptagon defects,
causingpermanertly bent structures shown in Figs. 1(b)
and (c), primarily at lower synthesistemperatures, where
such defectscannot be annealedeasily [12, 13].

A pair of mating nanohooksis illustrated schematically
in Fig. 2(a), together with the direction of the opening
force F, and the closing force F.. The nanohooks are to
be consideredpermanertly anchored in the surfacesto
be connected. The anchor regionsare emphasizedby the
dark color and separatedby the distance x. The forces
are given by the gradients for the total energy of the
nanohook structure with the exception of the rigid edge
regions, emphasizedby the dark color in Figs. 1(a) and
2(a)-(c). Snap shots of the (7;0) nanohook engagemen
processare shown in Fig. 2(b). In spite of signi cant
structural deformations during this transition, we found
no signsof irreversibility assaiated with a possiblelocal
sp?! sp® transition or a permanert structural change,
re ecting the resilience of the nanohooks to medanical
deformations.

In our molecular dynamics simulation, we subject the
anchor region of the hooks, to a constart velocity v, =
25 m/s, and monitored the force F. during the closure
process. Comparing results for di erent velocities, we
found the force F.(x; v¢) to depend only on the relative
distance x betweenthe anchor regions at low displace-
ment velocities. Our results indicate that the value of
Fc¢(x), basedon molecular dynamics simulations, agrees
with static results basedon static structure optimization
with constrainedandhor regions. At velocities v~ 75 m/s
we obsened an increasein F¢(x; vc) due to the inertia of
the nanostructure. For the sake of convenience,we de-
ned Xx = Xg+ X, where xq is the shortest distance
betweenthe anchor regions, at which the substructures
started interacting. Numerical results for Fc( x), dis-
played by the dashedline in Fig. 2(d), indicate that clo-
sure of the (7; 0) nanohook assenbly requiresan average
forceof < F. > 0:9 nN.

The dynamics of the opening processis illustrated by
shap shots in Fig. 2(c). As during the closing process,
we subjected the anchor regions of the hooks to a low
constant velocity v, = 25 m/s and monitored the force
Fo during the opening process. The results, given by
the solid line in Fig. 2(d), indicate an average opening
force of < F, > 1.7 nN, about twice the value of the
closingforce. The openingforceincreasesasthe hook be-
comessti er while stretched, and reachesthe maximum
value of F, 3:0 nN. In spite of this considerableforce,
we have not obsened any irreversible structural changes
in the nanohook assenbly, including the least stable ter-
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FIG. 3: Distribution of (a) bond lengths and (b) atomic
binding energiesin the (7;0) nanohook assenbly at dier-
ent stagesof the disengagemen process. Results for the un-
strained structure 5 of Fig. 2(c), given by the dotted line,
are compared to those for the strained structure 7, given by
the dotted line.

minating cap. Evenin the most strained structure 7 in
Fig. 2(c), the closestinter-wall distance betweenthe hook
substructures was in excessof 2:1 A, thus preverting a
local sp?! sp® rebonding [21].

When exploring the suitabilit y of nanohooks for bond-
ing, we assumethat the nanohooks are permanertly an-
chored in the substrate by covalent bonds. These bonds
are particularly strong for nanohooks grown on diamond,
metals and carbides. Uprooting the hook would require a
very high force, possibly comparableto the averageforce
of 50nN assaiated with cleaving the tube axially. The
forcesneededto open and closethe nanovelcro bond are
much smaller and will not detach the hook assenly from
the anchor points.

To determine, which parts of the nanohook assenbly
are most prone to damage, we plotted the distribution
of bond lengths and atomic binding energiesduring the
openingprocessin Fig. 3. As seenin Fig. 3(a), mostbond
lengths are closeto the graphite value dcc = 1:42 A in
the initial structure 5. The corresponding binding en-
ergy distribution in Fig. 3(b) shows a large peak near
7:3 eV, re ecting the small strain in the nanotube as
comparedto a graphenemonolayer. Only the cap atoms
show a much lower binding energyEcon  6:4 eV, depicted
in Fig. 1(d). In the strained hook structure 7, the distor-
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tion is accommalated by a large portion of the system,
re ecting the ductilit y of the bond. In the vicinity of the
hook, the averagebond length increasesby 0:05 A and
the distribution broadenssigni cantly. This behavior is
re ected in the binding energy distribution, which shifts
to smaller binding energy values and also broadenscon-
siderably. We do not obsene new peaksat signi cantly
larger bond lengths or smaller binding energies,which
would indicate the onset of a cradk. These ndings, to-
getherwith the structural snapshotsshown in Figs. 2(b)
and (c), con rm that nanovelcro maintains its structural
integrity during repeated opening and closing.

Our results in Fig. 2(d) also provide quartitativ e in-
formation about the toughnessof the (7;0) nanovelcro
bond, de ned asthe energyneededto openthe nanohook
assenbly. The calculated toughnessof 30 eV is very
high, almost twice the energy investmen of 154 eV to
cleave a perfect (7;0) nanotube. The simple reason for
this unexpected result is that an average opening force
< Fo> 1:7nN, acting over a large distanceof 30 A, per-
forms more work than the much higher force of 50 nN,
which cleavesaxial bondsacrossa distanceof 0:5 A. Upon
opening, the energy stored in the strained hook struc-
ture is deposited into the internal degreesof freedom,
heating up the nanostructure locally up to near 1; 000K.
This energyis e cien tly carried away due to the excel-
lent thermal conductivity of carbon nanotubes[22], thus
preverting irreversible structural changes.

Next, we de ne the stability of the nanovelcro bond
as the energyto closlgfmd reopen the nanohook assem-
bly, givenby Ep= [ (Fo(x) Fc(x))dx:We nd a
large value of E, 24 eV for the stability of the (7;0)
nanohook system, corresponding to the shadedarea in
Fig. 2(d). The relatively small di erence between the
toughnessand the stability of the bond is due to the low
amount of energy required to closethe hook, given by
the areaunder the dotted line.

The usefulnessof nanovelcro for permanert bonding
becomesobvious especially when considering two at
solid surfacescovered by an array of nanohooks. In view
of the small nanohook cross-section,we may nd up to
one nanohook per nm?, corresponding to an ideal cov-
erageof 10'® nanohooks per m?. Thus, detachemert of
nanovelcro bonded areasshould require an energyinvest-
ment of <5 J/m 2. This is signi cantly more than the en-
ergy to cleave most crystals, which is twice their surface
energy and is responsible for the unusual toughness of
the nanovelcro bond. In view of the large force required
to open a nanohook assenbly, the ultimate strength of
nanovelcro should approach 3 GPa, more than in most
solids. Under tensile load, we expect the solidsto break
rst, while the nanovelcro bonds remain engaged.

We found that the bonding ability deteriorates with
increasing nanotube diameter. In the wider nanohook
based on the (12;0) nanotube, we found that the re-
silience of the systemis reduced by its tendency to col-



lapse upon bending. This particular de cit can be com-
pensatedby using multi-w all nanotubesor peapods [23]
instead of single-wall systems.

As we did not obsene any sp?! sp® rebonding during
our simulation, we comparedour total energiesto calcu-
lations based on the Terso potential [20]. Since this
bond-order potential considers nearest-neighbor bonds
only, the optimized hook structures were slightly wider
and the work assaiated with their opening and closing
turned out to be about 10% lower than in the results
preseried above.

It is essetial to notice that the the crucial feature
of the nanovelcro bond is not the shape of the de-
formed nanotubes, but rather the area under the force-
displacemen hysteresiscurve in Fig. 2(d). Other struc-
tures, including coils [24], can be combined with hooks
and other deformed tubesfor e cien t bonding. We ex-
pect the bondedareato show good electrical and thermal
conductivity, re ecting the intrinsic properties of nan-
otubes. Conductivity measuremets can also be used
to monitor the local bonding in real time. A uniform
surface coverage by nanohooks can be achieved using
Chemical Vapor Deposition of hydrocarbonson catalyst-
covered surfaces[25], as seenin Fig. 1(c). The require-
ment of a low growth temperature for the formation of
hook structures also extends the range of substrates, on
which nanovelcro can be grown. The ability of hooks to
openand closereversibly resultsin a unique self-repairing
capability. This is of particular interest when bonding
solids with dierent thermal expansion, such as apply-
ing a diamond coating to metals, since self-repair should
prevent delamination in caseof large temperature uc-
tuations.

In conclusion, we combined total energy and molec-
ular dynamics calculations to explore the suitability
of nanotube-based hooks for bonding. Hooks, coils,
and similar structures form upon inserting pentagon-
heptagon pairs in the honeyconb structure of straight
carbon nanotubes. We postulated that surfacescovered
with an array of hooks, which are covalently anchoredin
the substrate, can be pressedtogether and form perma-
nent bonds as a nanoscalecounterpart of velcro fasten-
ers. Our results indicate that a large force of 3:0 nN is
required to disengagetwo hooks basedon a (7;0) car-
bon nanotube. Performing simulations for (7;0) and
(12; 0) systems,we found nanohooks to be generally re-
silient and to keeptheir structural integrity during the
opening and closing process. In view of the high ten-
sile strength of individual nanotubes and the stability
of nanotube-substrate bonds, arrays of hooks may con-
nect solids ranging from metals to carbidesand diamond
with a tough, heat resistart bond. This bonding scheme
shows a capability for self-repairthat may prevent delam-
ination causedby di erential thermal expansion. Nanov-
elcro bears promise as a micro-fastening system for the
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next generation of nano-robots and nanometer-scaleme-
chanical and electronic componerts.
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