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A combined experimental–theoretical study of the mechanical deformation

of carbon-nanotube (CNT) nanorings is presented. The CNT ring employed

is formed by folding a long and thin single-walled-CNT bundle. The

mechanical deformations of the CNT ring when it is pushed against and

pulled away from a flat substrate are experimentally characterized in situ,

inside a high-resolution scanning electron microscope through nanoma-

nipulation. The experimental measurements clearly reveal that the CNT ring

displays a purely elastic behavior during multiple repeated large-displace-

ment deformation processes. A theoretical model based on nonlinear

elastica theory is used to quantitatively study the mechanical behavior of the

CNT ring and to interpret the experimental results. This work shows for the

first time that van der Waals interactions between the CNT ring and the

substrate have significant effects on the ring’s elastic deformation, including

a bifurcation in its force–displacement profile. The results suggest that CNT

nanorings can be used as ultrasensitive force sensors and flexible and

stretchable structural components in novel nanoscale mechanical and

electromechanical systems.
1. Introduction

Carbon nanotubes (CNTs) are a type of high-aspect-ratio,

one-dimensional nanostructure with extraordinary mechan-

ical, electrical, thermal, and chemical properties,[1–8] and hold

promise for a number of applications, such as composites,

sensors, and electronics.[9–11] Typically, individual or bundled

CNTs stay in a straight or curved open fiber or rope

configuration. Closed structures of CNTs, such as rings and

tori, have been observed in both as-grown products and post-

treated materials. Directly synthesized nanorings formed by

individual or more commonly bundled single-walled,[12–15]

double-walled,[16,17] triple-walled,[18] and much larger dia-

meter multi-walled CNTs[19] have been reported. Recent work

shows that CNT ring structures can be grown on a large scale by

chemical vapor deposition with yields up to 50%.[20] By
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chemical modification of both ends of the CNTs, Sano et al.

reported that open CNTs can form closed-ring structures due

to the covalent bonding between the newly added functional

groups at the CNT ends.[21] A long CNT fiber can self-fold to

form a ring structure through overlapping part of its own

structure.[22–24] This is due to the fact that the van der Waals

interaction between CNT surfaces is strong enough to balance

the mechanical deformation. This self-folding process can

be facilitated by external excitation, such as ultrasonic

agitation.[14,25]

Surface chemical functionalization is also used to assemble

CNT ring structures on chemically patterned substrates.[26–28]

Two nanotube-ring formation mechanisms are proposed

based on previously reported modeling work on the formation,

structure, and stability of the CNT nanoring.[29–38] The

nanotube nanoring can be formed by either a hexagon structure

with pentagon–heptagon defects, or by bending a defect-

free CNT made of a pure hexagon network. It is believed that

for nanorings with large ring diameters, the pure hexagon

structure is energetically more stable and the ring curvature is

accommodated by the bending of the nanotube, while for

nanorings with small ring diameters, the mixture of hexagon

and pentagon–heptagon defects is energetically more favorable

with the ring curvature accommodated by pentagon–heptagon

defects.
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The unique topographical structure of CNT nanorings has

prompted significant interest in studying their various physical

properties and applications. The electrical conductance trans-

port in CNT rings has been investigated[39–41] and their

applications in electromagnetic devices, such as interferometer

logic gates[42] and transistors,[43–45] have been proposed.

Because CNTs are considered one of the strongest and most

flexible molecular materials due to the hybridized sp2 C�C

covalent bonding and seamless hexagonal network architec-

ture, it is reasonable to speculate that CNT rings can be used as

load-bearing structural components for a number of applica-

tions, such as novel nanomechanical and nanoelectromecha-

nical systems. However, to the best of our knowledge, no

experimental and very few theoretical studies of the mechanical

deformation of CNT rings[35] have been reported.

Herein, we present a combined experimental–theoretical

study of the mechanical deformation of CNT nanorings. The

CNT ring employed in our study was formed by mechanically

folding a long and thin single-walled-CNT (SWNT) bundle.

The mechanical deformations of the CNT ring on a flat

substrate in both compression and tension were characterized

in situ, inside a high-resolution scanning electron microscope

through nanomanipulation. A theoretical model based on

nonlinear elastica theory is employed to study the mechanical

deformation of the CNT ring and to interpret the experimental

measurements. The model takes into account the van der Waals

interaction between the CNT ring and the substrate. Our results

clearly show that this interaction has a profound impact on

the elastic behavior of the CNT ring. Our work uniquely

demonstrates that CNT rings are promising as novel force

sensors or structural components in nanoscale mechanical and

electromechanical systems.

2. Results and Discussion

2.1. In situ Electron Microscopy Experiments

The in situ experimental configuration for studying the

mechanical deformation of a CNT ring is illustrated in

Figure 1A (top view), in which one horizontally placed CNT

ring is pushed against (or pulled away from) a vertically placed

flat substrate by an external force P. In our experiments, one

CNT ring is partially attached to the tungsten probe of a three-
Figure 1. A)SchematicofaCNTringonaflatsubstrateunderapoint load.

B) SEM image of a folded CNT ring attached to a manipulator probe

beingpositioned close to avertically placedflat Si chip coatedwitha thin

Au film.
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dimensional piezo-driven nanomanipulator, as exemplified by

the sample shown in Figure 1B. The CNT ring of diameter

7.0mm was formed by means of nanomanipulation to have one

end portion of a thin, freestanding SWNT bundle attached to

the central portion of the bundle and to fold into a closed ring-

type structure. The freestanding SWNT bundles employed in

this study were obtained by using our recently reported

mechanical scratching approach.[46] The orientation of the

manipulator probe was carefully adjusted so that the attached

CNT ring stayed horizontal and its norm was parallel to the

direction of the electron beam. The CNT ring was controlled

with a nanometer resolution to approach a vertically placed Si

substrate, which was coated with a 30-nm gold film and a 5-nm

Cr adhesion layer by electron-beam evaporation. By slowly

moving the manipulator probe toward the substrate, the

mounted CNT ring was firstly controlled to push against

the substrate until a significant deformation was reached. The

manipulator probe was then controlled to slowly retract from

the substrate and the compressive deformation of the CNT ring

was gradually recovered. Due to the attractive van der Waals

force between the CNT ring and the substrate, the CNT ring was

still in contact with the substrate and its deformation was

transformed into tensile deformation when the manipulator

probe moved further away from the substrate. When the van

der Waals force could not balance the pulling force on the CNT

ring by the probe, the CNT ring was completely separated from

the substrate and its tensile conformation was subsequently

fully recovered.

We repeated the above pushing and pulling processes on the

same CNT ring for two more cycles. The deformation

curvatures of the CNT ring in each pushing and pulling

position were captured by high-resolution scanning electron

microscopy (HRSEM). The comparison between the geome-

trical shapes of the CNT ring before and after each pushing/

pulling cycle reveals that no permanent shape change occurred

after three repeated testing cycles, which strongly suggests that

the deformation of the tested CNT ring was purely elastic. Four

representative snapshots showing the deformation curvatures

of the CNT ring in both compression and tension are presented

in Figure 2. As expected, the vertical height of the ring

decreased when it was under compressive load and increased

when it was under tensile load. Because the CNT ring was

placed at a lower horizontal plane than the top edge of the

vertically placed substrate, the CNT ring and the top edge of

the substrate could not be in focus with the electron beam at

the same time, which resulted in the contact interface between

the ring and substrate becoming a little blurred. Therefore, it is

difficult to precisely quantify the length of the contact between

the CNT ring and the substrate from the captured HRSEM

images, which is also confirmed by our later analysis (Section

2.3). Nevertheless, we can reasonably speculate from the

HRSEM images in Figure 2 that the contact length between the

CNT ring and the substrate increased when it was pushed

against the substrate and decreased when it was pulled away

from the substrate.

It is noted that the attachment of the CNT ring on the

tungsten probe during the whole pulling/pushing experiment

was by van der Waals interaction only and no other fixture

mechanism, such as electron-beam-induced hydrocarbon[47] or
bH & Co. KGaA, Weinheim small 2010, 6, No. 15, 1647–1655
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Figure 3. A) Schematic of the deformation of the CNT ring on a flat

substrate. The dotted line represents the portion of the ring attached to

theprobe. B) Free-bodydiagramof one ring segment. C) Schematic of the

postulated SWNT assembly configuration at the cross section of the

tested CNT ring.

Figure 2. Selected SEM snapshots of the CNT ring shown in Figure 1B being pushed against

the flat substrate (A,B) and pulled away from the flat substrate (C,D).
Pt[48] deposition, was employed. This observation suggests that

the adhesion interaction between CNT and tungsten is strong

enough to sustain the pushing and pulling forces exerted on the

CNT ring by the manipulator probe, which are theoretically

predicted to be in the sub-nN range using our nonlinear model

(Section 2.3). Our analysis of the captured HRSEM images (see

Figure S1 in the Supporting Information) also reveals that the

portion of the CNT ring that was attached to the manipulator

probe did not experience any visible deformation during the

repeated pushing/pulling cycles. To the best of our knowledge,

the in situ measurements presented here are the first reported

experimental characterization of the mechanical deformation

of CNT-based nanoring structures.

2.2. Nonlinear Elastica Modeling

In this section, we present a continuum model based on

nonlinear elastica theory to study the mechanical deformation

of the CNT ring in both compression and tension modes. In our

model, the CNT ring is considered to be formed by bending an

individual or bundled SWNT fiber such that both of its ends are

connected directly, thus forming a closed-ring structure. The

ring segment is theoretically modeled as an inextensible elastica

rod.[46,49,50] This modeling assumption is consistent with the

prior experimental observation that nanotubes could be

repeatedly bent to large angles and strain without permanent

distortion of the tube topography.[46,51]

The simplified CNT ring model is shown schematically in

Figure 3A. To be consistent with our in situ experiments,

segment EAF, which represents the ring segment attached to
small 2010, 6, No. 15, 1647–1655 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhe
the probe, is considered to be rigid and the

boundary conditions at points E and F are

considered as fixed ends. It is noted that a flat

segment of length 2a is considered in the

model to account for the contact between the

CNT ring and the substrate, and the minimal

value of the contact length is considered

to be the diameter of one carbon atom

(0.142 nm),[52] while a¼ 0 when the CNT ring

is fully separated from the substrate. The free-

body diagram of segment DG is illustrated in

Figure 3B, in which M, T, and V are the

reaction moment, tensile force, and shear

force on the rod cross section, respectively.

The per-unit-length van der Waals (vdw)

force fvdw and energy Wvdw between the CNT

ring and the substrate are calculated by using a

continuum model[53] based on the Lennard-

Jones potential,[54] which defines the potential

between two atoms i and j as

fij ¼ 4e s
�

rij

� �12� s
�

rij

� �6
� �

, in which rij is

the interatom distance, and e and s are

material constants (for carbon–gold interac-

tions, e¼ 0.01273 eV and s¼ 2.9943 Å[55]).

Here, we consider that the interaction

between the CNT ring and the gold substrate

is the weak adsorption-based interaction,[56]

while ignoring possible strong chemical force
im www.small-journal.com 1649
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interaction between the nanotube and the gold substrate that

was recently studied by González et al.[57] For simplification,

we assume that the acting line of the external force P exerted

on the CNT ring passes through the ring center O, and we

also ignore the friction force between the CNT ring and the

substrate. By considering our pushing/pulling experiments

as quasi-static processes, we can obtain the following relation-

ships:

VD ¼ VC ¼ fvdw d0ð Þ � a ¼ P

2
(1)

and

Wvdw d0ð Þ ¼ M2
D

2EI
¼ M2

C

2EI
(2)

where d0 is the gap distance between the lower fiber of the

CNT ring and the substrate, and E and I are the Young’s

modulus and the moment of inertia of the bundled CNT,

respectively. Equation (2) is derived based on the assumption

that the separation of the CNT ring and the substrate at points

C and D is due to the quasi-static balanced competition

between the moment generated by the external load and the

contact interfacial interaction between the CNT ring and the

substrate.[50,58,59]

The elastic deformation of the CNT ring segment is given

by:

d2u

ds2
¼ T sin u � V cos u

EI
(3)

where s and u are the arc length along the deformed ring

segment and the angle between the slope of the curved ring

segment and the x axis, respectively. The boundary conditions

for the curved CNT ring segments DF at position D include

xD ¼ a; yD ¼ d0; uD ¼ 0, while at point F both xF and uF are

measured directly from the captured HRSEM images. Similar

boundary conditions are also applied to segment EC.

Considering dx ¼ cos uds and dy ¼ sin uds, the exact defor-

mation curvatures of the CNT ring in both compression and

tension in the (x, y) coordinate system can be obtained

numerically by solving Equations (1)–(3) using a shooting

method. The detailed mathematical approach will be

presented elsewhere[60] and here we will focus on presenting

the major modeling results.

2.3. Comparison between Experimental
Measurements and Theoretical Predictions

Based on the high-resolution transmission electron micro-

scopy (HRTEM) characterization of thin SWNT bundles[46]

prepared from the same sample batch as the SWNT bundle

forming our tested CNT ring (see Figure S2 in the Supporting

Information), the average radius of the nanotubes in the

bundles is estimated to be �0.7 nm, which is close to that of

(10,10) SWNTs (RCNT¼ 0.678 nm). Therefore, the radius of the

tubes in the bundle forming our tested CNT ring as shown in

Figure 1B is assumed to be equal to that of (10,10) tubes. It is
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
worth mentioning that the assumed chirality of the tubes in our

modeling is used to determine the radius of the nanotubes only.

The lateral dimension of the CNT bundle is measured to be

about 15 nm by HRSEM. Here we assume that the radial

deformation of the tubes in the bundle due to the intertube van

der Waals interaction is negligible[61] and the cross sections of

the tubes remain circular, and that the tubes in the bundle form

a hexagonal bundle cross section (see Figure 3C) with six tubes

in contact with the substrate. The distance between the center

of two neighboring tubes, or the triangular hexagon lattice, is

calculated to be l¼ 0.313þ 2RCNT¼ 1.67 nm.[62] The height of

the hexagon shown in Figure 3C is calculated to be 15.82 nm,

which is close to our measured value (15 nm).

From the HRSEM images shown in Figures 1B and 2, we

can see that there is a nanotube overlapping segment in the ring

structure, the cross section of which most likely possesses a

higher moment of inertia than the rest of the ring segment. Part

of this nanotube overlapping segment is attached to the probe

and is a fraction of the rigid segment EAF. Because the off-

probe portion of the nanotube overlapping segment is only a

small portion of the ring, we reasonably assume that its effect on

the elastic behavior of the nanoring is negligible and consider a

uniform cross section for the whole ring in our theoretical

prediction, as illustrated in Figure 3C. The moment of inertia I

of the bundle cross section is then calculated using the same

approached as reported in Reference [46]. Using our nonlinear

elastica model as presented in Section 2.2, the deformation

curvatures of the tested CNT ring shown in Figure 1B under

both compressive and tensile loads are obtained numerically.

Figure 4 shows four theoretically predicted deformation

curvatures of the tested CNT ring, which respectively

correspond to the four SEM snapshots shown in Figure 2.

Each graphic in Figure 4 shows a comparison between the

theoretical predictions and the experimental measurements on

the deformation curvature of the CNT ring, the latter being

measured directly from the respective HRSEM images. It can

be clearly seen that the theoretical prediction and the

experimental measurements on the deformation curvatures

of the tested CNT ring are in good agreement, with the Young’s

modulus E of the SWNT as the only fitting parameter. All the

simulation results presented herein are based on E¼ 1.12 TPa,

which is consistent with previously reported values (1.0–1.2

TPa).[1] It is noted that the positions of the two end points of

the ring segment attached to the probe, that is, points E and F,

are measured directly from Figure 1B and the same values are

employed in the theoretical predictions of the deformation

curvatures shown in Figure 4A–D. For each deformation

curvature, the external load applied on the CNT ring by the

manipulator probe, which was not directly measured in our in

situ experiments, is theoretically predicted and shown in the

top-right corner of Figure 4A–D.

Figure 5A shows the relationship between the theoretically

predicted applied load and the height of the CNT ring, LAB,

which is the measured vertical distance between points A and B

from the HRSEM images, for three pushing/pulling cycles.

Figure 5B shows the relationship between the applied load

and the length of the flat contact between the CNT ring and

the substrate. The solid curves in Figure 5A and B show the

respective numerical results obtained by assuming that the
bH & Co. KGaA, Weinheim small 2010, 6, No. 15, 1647–1655
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Figure 4. Comparison between experimental measurements and theoretical predictions on the four deformation curvatures shown in Figure 2.

The solid-circle curve in each picture represents the experimental data measured from the respective HRSEM images, while the open-circle curve

represents the experimental data for the portion of the CNT ring attached to the probe. The solid curve represents the theoretical predictions based

on our nonlinear elastica model. The theoretically predicted applied load P is shown in each graphic.
CNT ring (shown in Figure 1B) is an ideal circular structure as

illustrated in Figure 2A, in contrast to the discrete data shown in

Figure 5A and B that are obtained by fitting the captured

deformation curvatures using our model. It is noticed from

Figure 5B that the theoretically predicted length of the flat

contact is smaller than those observed from the respective SEM

images (shown in Figure 3). This difference is due to the fact that

the positions of the CNT ring and the edge of the substrate were

not in the same horizontal level, such that the contact region

between the CNT ring and the substrate was slightly out of focus

when the CNT ring was in focus with the electron beam.

Therefore, the length of the flat contact measured directly from

the SEM images will be slightly overestimated.

The good agreement between experimental measurements

and theoretical predictions suggests that 1) the mechanical

deformation of the CNT ring under both compressive and

tensile loads can be reasonably predicted by our nonlinear

elastica model, as presented in Section 2.2; and 2) the SWNT

assembly configuration in the bundle as shown in Figure 3C

appears to be plausible. Figure 5A and B confirms our

aforementioned statement that the large-displacement

mechanical deformation of the CNT ring under compressive

and tensile loads is purely elastic. From the experimental data
small 2010, 6, No. 15, 1647–1655 � 2010 Wiley-VCH Verlag Gmb
shown in Figure 5B, the height of the CNT ring experienced a

significant change ranging from �26 to 15% and no permanent

deformation was observed after three repeated pushing/pulling

cycles. Our theoretical modeling also reveals that the applied

compressive and tensile loads on the tested CNT ring are in the

sub-nN regime. The quantitative measurement of such tiny

forces, even though not impossible, will be a significant

challenge. Figure 5B shows that the magnitude of the pulling

force is inversely correlated with the contact length, and the

maximum pulling force occurs at very small contact length,

while the magnitude of the pushing force is positively correlated

with the contact length. This observation suggests that the

change of the contact length between the nanotube ring and the

substrate is a gradual pull-off or push-on process, which is

strongly modulated by the deformation of the CNT ring

structure that has a very small stiffness.

The maximum pulling force to lift the CNT ring from the

substrate is estimated to be 0.54 nN and the corresponding

contact length 2a¼ 30 nm, as shown in Figure 5A and B. As

mentioned in Section 2.2, the interaction between the

nanotubes and the gold substrate is considered to be weak

adsorption-based van der Waals interaction, and the nanotubes

in contact with the gold film possess their pristine hybridized sp2
H & Co. KGaA, Weinheim www.small-journal.com 1651
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Figure 5. A) Relationship between the theoretically predicted applied

load and the experimentally measured ring height. B) Relationship

betweenthetheoreticallypredictedapplied loadandthe lengthof theflat

contact of the tested CNT ring for three repeated pushing/pulling cycles.
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C�C covalent network. The gold substrate employed in our

measurements has a surface roughness (root mean square) of

2.0 nm for a 1� 1mm2 area and the surface gold atoms are in the

form of the grain morphology (see Figure S3 in the Supporting

Information). Because the gold film is much softer than the

CNT, the high local contact stress will most likely first deform

the gold film, and the nanotube hybridized sp2 network in the

contact interface is assumed to remain intact. It is noted that

the carbon atoms in the nanotube of sp2 hybridization could be

converted to chemically more active sp3 hybridization by high

local distortion stress exerted by sharp atomic force microscopy

(AFM) tips.[63,64] The nanotubes of hybridized sp3 carbon

atoms can form strong short-range chemical-bonding interac-

tions with the gold substrate, which can be captured by AFM-

based chemical force microscopy.[65,66]

Recently, González and co-workers reported a combined

experimental–theoretical study of the chemical force between

the gold-coated sharp AFM probe and individual SWNTs lying

on a silicon oxide substrate.[57] Their experimentally measured

adhesion force between the gold layer coated on the AFM

probe and the nanotube was about 2 nN, which is in very good

agreement with their theoretical predictions based on density

functional theory (DFT). The difference between González’s
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
results and ours can be ascribed to two factors. One is the type of

electron orbital hybridization of the carbon atoms in the

nanotubes that are in direct contact with the gold film and the

corresponding strength of the respective adhesion interaction.

We have to point out that the roughness of the gold surface

employed in our experiments may play an important role in

the nanotube–gold surface interaction, which makes the precise

theoretical prediction of the adhesion interaction much more

complicated and requires sophisticated atomistic-level model-

ing approaches, such as the DFT used in González’s work and

molecular dynamics (MD). The actual pulling force in our

system may be underestimated by our use of a model that

ignores the possible strong chemical force interaction as

revealed by González et al. The other factor is the difference

between the pulling systems. For the system reported in

González’s work, the gold-coated AFM tip essentially has a

nearly fixed-area contact with the nanotube during the pulling

process, whereas in our system the contact length (area)

between the CNT ring and the substrate decreases dramatically

during the pulling process due to the strong modulating effect of

the CNT ring deformation, as discussed earlier. The maximum

per-unit-length attractive force between the bundled CNT as

illustrated in Figure 3C and the gold substrate is calculated to be

0.28 N m�1 (see Figure S4 in the Supporting Information).

However, the per-unit-length van der Waals force when the

CNT ring is closed for separation from the substrate is merely

0.018 N m�1, while the total pulling force calculated by

P¼ qvdw� 2a reaches its maximum (0.54 nN). Our results

reveal a very small variation of the gap size during this pulling

process (see Figure S5 in the Supporting Information). Our

results also show that for the moment when qvdw reaches its

maximum (0.28 N m�1), the calculated pulling force is actually

quite small (0.05 nN) as a result of the very small flat contact

length (0.19 nm), as presented later in Figure 6C. We argue that

the second factor is the major reason accounting for the

difference in the pulling force between our system and the

system reported by González et al.

2.4. Mechanical Deformation of the CNT Ring on the
Flat Substrate

It can be seen from Figure 5A and B that, under a very small

external load of 30 pN, the tested CNT ring was under

significant deformation (e.g., the height reduced by about 9%)

and had a flat segment of 3.1mm in contact with the substrate.

This observation suggests that, even when no external force is

applied, significant deformation of the CNT ring may occur

when it stands vertically on a flat substrate. The mechanical

deformation of the CNT ring under such load-free conditions is

purely due to its van der Waals interaction with the substrate.

To understand the effect of the van der Waals interaction on

the deformation of the CNT ring, we theoretically modeled the

elastic deformation of a perfectly circular ring made of SWNTs

on a flat substrate. To facilitate comparison with the data shown

in Figures 4 and 5, we employed all the parameters of the tested

CNT ring shown in Figure 1B and the substrate used in the

numerical simulations presented in Section 2.3.

Instead of having the CNT ring mounted to a probe, we

consider that a point load is applied on the top of the ring, as
bH & Co. KGaA, Weinheim small 2010, 6, No. 15, 1647–1655
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Figure 6. A) Selected theoretically predicted deformation curvatures

of the perfectly circular CNT ring under point loads. B) Relationship

between the theoretically predicted applied load and the height of the

tested CNT ring. C) Relationship between the theoretically predicted

applied load and the length of the flat contact.
illustrated in Figure 1A. In such a model, the full length of the

CNT ring can deform as an inextensible elastica rod. Our

theoretical modeling work[60] shows that the CNT ring will have

a flat contact with the substrate if the ring radius exceeds a

threshold value Rmin that is given by Rmin ¼
ffiffiffiffiffiffiffiffiffiffiffi

EI
2Wvdw

q
.

Otherwise, the CNT ring will remain a perfectly circular

structure and maintain a point contact with the substrate.

Similar phenomena have been reported in previous studies of
small 2010, 6, No. 15, 1647–1655 � 2010 Wiley-VCH Verlag Gmb
the radial deformation of individual SWNTs on a flat

substrate[67] or between two neighboring SWNTs,[61] which

are purely due to the van der Waals interactions. The reason

that the CNT ring may remain a perfectly circular structure on a

flat substrate is due to the fact that the CNT ring employed in

our study is not internal force free in its undeformed

configuration, and an internal bending moment is accommo-

dated by its circular structure. For the CNT ring considered

here, EI and Wvdw are calculated to be 2.31� 10�21 N m2

and 2.88� 10�10 J m�1, respectively. The corresponding

threshold ring radius for having a flat contact with the substrate

is calculated to be Rmin¼ 2.0mm, which is substantially lower

than the ring radius of 3.5mm for our tested CNT ring.

Therefore, it is reasonable that the CNT ring shown in

Figure 1B has a flat contact with the substrate under external

force-free conditions.

Figure 6A shows several selected deformation curvatures of

the perfectly circular CNT ring under zero-force, compressive,

and tensile loads. As expected, when the CNT ring is in

compression, an inflexion point is exhibited in its deformation

curvature when the load exceeds a certain value. Figure 6B

shows the relationship between the applied load and the height

of the perfectly circular CNT ring, which displays an interesting

bifurcation when the CNT is subjected to the tensile load. This

bifurcation indicates that each applied tensile load corresponds

to two equilibrium deformation curvatures for the same CNT

ring, which have different heights and lengths of the flat contact

with the substrate as shown in Figure 6B and C. It is noted that

curves 1 and 2 in Figure 6A show the deformation curvatures of

the CNT ring under the same applied load (P¼ 0.23 nN). The

corresponding gap between the CNT ring and the substrate is

0.350 and 0.276 nm, respectively, while the respective height/

length of the contact with the substrate is calculated to be

7.48mm/0.16 nm and 6.61mm/2.10mm. When the CNT ring is

subjected to compressive loads, both the force–height and

force–length of the flat contact profiles shown in Figure 6B and

C, respectively, display a simple monotonous relationship. The

observed bifurcation for the CNT ring in tension is due to the

fact that the employed van der Waals potential has a bifurcation

in the attractive force region, while displaying a monotonous

curve in the repulsive force region.

Our analysis shows that the force–height profile presented

in Figure 5A obtained from our tested CNT corresponds to

the solid-circle branch of the bifurcation shown in Figure 6B,

while the open-circle branch was not captured by our in situ

measurements. The majority of the solid-circle branch

corresponds to a line contact between the CNT ring and the

substrate, while a nearly point contact for the open-circle

branch is observed. Our analysis further reveals that the open-

circle branch is actually identical to the force–deformation

profile of a perfectly circular CNT ring under two point loads, as

illustrated by the inset in Figure 6B. The deformation curvature

of the CNT ring under two point loads can be modeled by

using nonlinear elastica theory and its analytical solutions are

reported in Reference [68]. The open-circle branch of the

bifurcation may be captured experimentally if additional

constraints are imposed on the contact between the CNT ring

and the substrate, such as the lower point of the CNT ring

always being in subnanometer contact with the substrate. Even
H & Co. KGaA, Weinheim www.small-journal.com 1653



full papers M. Zheng and C.-H. Ke

1654
though the effects of the van der Waals interaction on the

deformation of the CNT have been extensively studied by

a variety of continuum and atomistic modeling tech-

niques,[23,24,61,69–71] to the best of our knowledge our finding

of a bifurcation in the CNT ring elastic profile due to the van der

Waals interaction is the first of its kind and will be useful in the

pursuit of novel bistable, load-bearing components based on

CNT nanorings.

It is worth mentioning that the nonlinear elastica model

presented herein does not take into account possible buckling

or rippling of the nanotube in the ring structure, as suggested by

prior continuum and atomistic modeling studies.[32,34] When

buckling occurs, the ring actually becomes polygon shaped. The

buckling of the CNT depends on the ratio between the ring

radius R and the CNT radius RCNT . To keep a circular shape,

Hod et al.[32] showed that the CNT ring radius R � n2

2 RCNT,

where n is a tube-chirality-dependent integer and can be

determined from MD simulations. For CNT rings made of

individual (10,10) tubes, we find that n¼ 8.[35,60] For our tested

CNT ring, the radius of the CNT bundle is calculated to be

9.7 nm, which results in R/RCNT¼ 361. Therefore, it is reason-

able to consider that our tested CNT ring is a circular structure

and its mechanical deformation can be theoretically obtained

by using the nonlinear elastica model presented in Section 2.2.

The relationship between the applied load and the height

of the ring shown in Figure 6B displays a nearly linear

correlation for the height ranging from 5.6mm (P¼ 0) to 1.4mm

(P¼�1.5 nN). If we consider the stiffness or spring constant of

the CNT ring is defined as k ¼ DP
DLAB

, for the CNT ring studied

herein k¼ 0.36 pN nm�1, which suggests that CNT rings can act

as an ultrasensitive force sensor as well as novel flexible and

stretchable structural components in nanoscale mechanical and

electromechanical systems. The CNT ring–substrate system

presented will also be useful to quantitatively measure the

surface energy of solid substrates and the binding energy

between CNTs and solid substrates, provided that the

geometrical information of the CNT in the ring structure and

the applied load are known. Such techniques have been

previously employed to characterize the surface energy on the

macroscale.[72] We want to highlight the fact that, for the pursuit

of the above-mentioned applications and performance opti-

mization, it is essential to understand the effects of the intrinsic

quantities of the nanotube ring, and the interaction strength

between the nanotube and the substrate, on the elastic behavior

of the nanoring. A systematic and parametric study on this

important issue is currently in progress and will be reported in a

future publication.

3. Conclusions

We have presented a combined experimental–theoretical

study of the mechanical deformation of CNT nanorings. The

mechanical deformations of the CNT ring when it was pushed

against and pulled away from a flat substrate were experimen-

tally characterized in situ, inside a high-resolution scanning

electron microscope through nanomanipulation. Our experi-

mental measurements clearly reveal that the CNT ring displays

purely elastic behavior even when it experiences multiple
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
repeated large-displacement deformations. A nonlinear elas-

tica-based theoretical model is employed to quantitatively

study the mechanical behavior of the CNT ring and to interpret

the experimental results. Our combined experimental–

theoretical work shows that van der Waals interactions between

the CNT ring and the substrate have significant effects on the

mechanical deformation of the ring. The observed bifurcation

in the force–deformation profile of the CNT ring is discussed.

The results suggest that CNT rings hold promise for

ultrasensitive force sensors and novel flexible and stretchable

structural components in nanoscale mechanical and electro-

mechanical systems.
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