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Abstract

In this paper, the stress distributions in carbon nanotube clamps such as those formed by the electron beam induced deposition
(EBID) technique are analyzed and the contributing factors, including nanotube position, stiffness of clamp material, and thickness
of the clamping pad between the AFM tip and the nanotube are examined for the case of tensile loading of the nanotube. The nano-
tube is modeled at the atomistic scale by the molecular structural mechanics approach and is assumed to be defect free. The clamp
material is analyzed by the continuum finite element method. The nanotube and the clamp are assumed to be bonded perfectly to
each other. This bonding condition sets the upper limit of clamping capacity. The simulation results indicate that the location and
intensity of stress concentration are sensitive to the nanotube orientation. Misaligned nanotubes are likely to break near the edge of
the clamp. The clamp material with a lower stiffness (for the stiffness range studied) and a thicker clamping pad between the nano-
tube and the AFM tip reduce the magnitude of stress concentrations in the clamp.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The term �clamping� here refers to the secure fastening
of an already positioned specimen. The sound clamp-
ing of a specimen is critical to producing reliable test re-
sults of mechanical properties, such as elastic modulus,
tensile strength, hardness and fracture toughness. At
the macroscopic scale, traditional methods for specimen
fastening utilize mechanical, pneumatic or hydraulic
clamping [1]. At the microscopic scale, electrostatic and
magnetic clamping techniques, for instance, are com-
monly used for precision machining operations [2,3].
More recently, the development of nanotechnology re-
quires the characterization of properties of nanostruc-
tured materials and, hence, the research of nanoscale
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ultra-precision clamping of specimens [4]. One of the
interesting challenges in this regard is the clamping of
carbon nanotubes for tensile tests.

Since their discovery, carbon nanotubes offer tremen-
dous opportunity for nanotechnology applications.
Examples of their potential applications include as rein-
forcements for composites [5,6], components of nanoelec-
tromechanical systems [7–9], and storage for hydrogen
fuel [10]. Intensive research has been focused on the
mechanical and physical properties of carbon nanotubes.
Theoretical and experimental studies have confirmed that
carbon nanotubes possess extraordinary axial stiffness
and tensile strength [11–15]. In these experiments, the
appropriate clamping of carbon nanotubes is critical.

There are several suitable methods for attaching a
nanotube to a substrate. These include using adhesives
such as acrylates, methacrylates or epoxies, employing
electrostatic forces, exploiting the chemical affinity be-
tween the substrate and the nanotube, and synthesizing
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Fig. 1. Schematic illustration of electron beam induced deposition
(EBID) on a carbon nanotube.
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the nanotube directly on the substrate. For example,
Dai et al. [16] attached carbon nanotubes to an AFM
tip with an adhesive. Salvetat et al. [13] and Cuenot
et al. [15] attached carbon nanotubes with an atomic
force microscope by employing the high surface energy
of nanostructures. Yu et al. [14] used the method of elec-
tron beam induced deposition (EBID) to clamp carbon
nanotubes on AFM tips. Madsen et al. [17] applied
EBID to attach nanotubes onto microelectrodes.

The EBID method uses a high-intensity electron
beam in an electron microscope. The primary electron
beam generates secondary electrons that disassociate
residual hydrocarbons in the vicinity of the primary
beam spot, leading to the deposition of a hydrogenated
amorphous carbon deposit. Recently, Ding et al. [4] re-
ported a rapid method using EBID in an SEM for
depositing carbon films in clamping carbon nanotubes.
The deposition rate was accelerated by placing a paraffin
source of hydrocarbon near the clamp area. The chem-
ical composition, atomic structure, and mechanical
properties of such EBID deposits were also investigated
in detail [4].

The EBID-based clamping method is rather promis-
ing and has motivated us to better understand the fun-
damental mechanics of such clamps. In this paper, we
analyze the stress profiles in the nanotube and its sur-
rounding clamp material as affected by the geometry
and elastic properties of the nanotube and the clamp
by using a multiscale modeling technique. Potential
areas of damage initiation in the clamp have also been
investigated.
Fig. 2. Clamp formed by EBID [4].
2. Clamp formed by EBID

Electron beam induced deposition is a process using a
high-intensity electron beam, usually within an SEM, to
deposit nanoscale structures on a scanned surface. EBID
as a technique for serial writing of three-dimensional
nanostructures started in the 1980s. Compared with
other direct writing technologies using lasers and fo-
cused ion beams, EBID has many advantages. These in-
clude high spatial resolution, easy control of the beam
position, high geometrical flexibility, extremely small
feature size, and direct formation of structures from
the source materials on a variety of substrates. Using
commercially optimized electron-beam systems, EBID
has been used to make functional structures, such as
sub-10 nm electron gaps [18], nanopores with 1-nm pre-
cision [19], nanowires [20], field emission devices [21],
thermal sensors [22], and tools for manipulating DNA
[23].

Fig. 1 shows a schematic of the EBID process, which
can be briefly described as follows. In a vacuum cham-
ber, an electron beam is focused on a substrate surface
on which precursor molecules are adsorbed. The precur-
sor molecules may be of any type: organometallic, metal
halide, hydrocarbon, etc. As a result of the complex
beam induced surface reactions [4, and references there-
in], the precursor molecules adsorbed in and near to the
irradiated area are dissociated and a deposit builds up in
the designated location on the substrate.

When used in conjunction with in situ nano-manipu-
lation tools, EBID is capable of forming mechanically
strong attachments to carbon nanotubes [14,17]. Yu
et al. [14] showed for the first time that solid carbona-
ceous material could be deposited in an electron micro-
scope onto the surface of an AFM tip as a method of
locally clamping a carbon nanotube. The micrograph
of Fig. 2 illustrates the clamp formed between an
AFM tip and a fiber using EBID. The strength of the
clamp is naturally critical to the reliability of the mea-
surements made on the properties of the nanostructured
materials. Yu et al. [14] reported that about half of the
clamps became detached at the deposition sites during
their tensile tests on multiwalled carbon nanotubes.
However, the recent work of Ding et al. [4] has demon-
strated that larger and consequently much more robust
clamps can be rapidly deposited by having a larger con-
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centration of precursor molecules in the deposition
zone; in this way failure of the clamp (rather than the
specimen) has been dramatically reduced.
3. Modeling of nanotube clamping

The clamping of a carbon nanotube can be modeled
as a problem in nanocomposites. Here, the clamp mate-
rial is treated as the matrix material that surrounds the
carbon nanotube, or the reinforcement phase. The only
difference between a nanotube clamp and a traditional
composite is that, instead of being totally embedded in
the matrix, the carbon nanotube protrudes from the
clamp material. Thus, the tensile load applied by the
AFM tip is transferred to the carbon nanotube through
its bonding with the clamp (matrix) material.

Consequently, the modeling of the nanotube clamp-
ing can be performed following the same procedure as
that used for simulating carbon nanotube-reinforced
composites [24]. In this study, only the clamping of a
single-walled carbon nanotube is considered.

3.1. Modeling of carbon nanotubes

The modeling of nanotubes is conducted at the atom-
istic scale. The molecular structural mechanics approach
[25], which has been successfully used for studying static,
dynamic and thermal properties of carbon nanotubes
[7,9,26–29], is adopted for modeling of the nanotubes.
Fig. 3. Nanotube position on the surface of AFM tip.
The main concept of this approach is briefly outlined
below.

In the molecular structural mechanics method, a sin-
gle-walled carbon nanotube is simulated as a space frame
structure, where the covalent bonds in the nanotube are
treated as connecting beams and the carbon atoms as
joint nodes in the frame structure. If the equivalent beam
is assumed to be of round cross-section, only three stiff-
ness parameters, i.e., the tensile resistance EA, the flex-
ural rigidity EI, and the torsional stiffness GJ, need to
be determined for the analysis. Here, E andG are, respec-
tively, the Young�s modulus and shear modulus of the
beam, A, I and J are, respectively, the area, the moment
of inertia and the polar inertia of the beam cross-section.
Then, the concept of energy equivalence between local
potential energies in computational chemistry and ele-
mental strain energies in structural mechanics is adopted.
A figure schematically showing the energy equivalence
between atomic bonds and their equivalent beams can
be found in [25], and a direct relationship between the
structural mechanics parameters and the molecular
mechanics force field constants is established, i.e.,

EA
L

¼ kr;
EI
L

¼ kh;
GJ
L

¼ ks; ð1Þ
Fig. 4. Simulation model of nanotube clamp: (a) side view and (b) top
view.
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where kr, kh and ks are the force field constants in molec-
ular mechanics. Then, following the procedure of the
structural mechanics technique, the nanotube deforma-
tion under certain loading conditions can be readily
solved.

3.2. Modeling of clamp materials

According to Ding et al. [4], the typical deposit
formed by EBID using n-Docosane (C22H46) and per-
deuterated n-Tetracosane (C24D50) precursor sources is
hydrogenated amorphous carbon (a-C:H). The Young�s
modulus was fit as 34 GPa from nanoindentation exper-
iments [4]. This value is much lower than those obtained
from computer simulations by Tersoff [30], which are in
the range of 100–700 GPa and decrease with increasing
hydrogen content. The difference in Young�s modulus
values stems from the fact that the computer simulations
assumed a hydrogenated amorphous carbon with nearly
ideal sp3 bonding while the deposited hydrogenated
Fig. 5. Stress distribution in the clamp material for the ideal nanotube posi
AFM tip and the nanotube, and the central region is the section of the nan
amorphous carbon in Ref. [4] has significantly more
sp2- than sp3-bonded carbon.

Since the computational task of simulating the clamp
material using atomistic modeling alone is formidable, it
is treated as a continuum in the present analysis and the
finite element method is adopted for analyzing its defor-
mation. The cubic isoparametric elements are used in the
meshing of the clamp material. By taking into account
the range of both experimental and theoretical values
in the literature, we use the Young�s modulus values of
34, 100 and 300 GPa in our simulations to address the
effect of clamp material stiffness on clamping capacity.

3.3. Modeling of nanotube/clamp interface

Because the nanotube is modeled at the atomistic
scale and the clamp material is treated as a continuum,
the modeling of the nanotube/matrix interface requires
additional assumptions. In this paper, we consider the
carbon nanotube and the clamp material to be perfectly
tion of a = b = 0� (the left side depicts the part of clamp between the
otube).
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bonded at the interface. This assumption leads to the
highest interfacial load transfer efficiency and, hence,
the upper bound in tensile load capacity.

For the perfectly bonded interface, it is assumed that
the outer surface of the nanotube coincides with the inner
cylindrical surface of the clamp material. In order to
match the atoms in the nanotube and the nodes in the fi-
nite elements, the center of the atom in the nanotube is as-
sumed to be located on the outer surface, not in the center
of the tube wall. Because the elastic stiffness of carbon
nanotubes is not strongly dependent on nanotube diam-
eter [25], this position shift would not significantly affect
the modeling results of nanotube deformation. Also, the
corner nodes of finite elements in the clamp material are
assumed to coincide with atoms in the nanotube.
4. Results and discussion

In this paper, the focus of the analysis is on the elastic
interaction between a nanotube and its surrounding
clamp material, which is deposited on an AFM tip.
The nanotube, which is anchored at the other end by a
similar clamp to an opposing AFM cantilever tip, is
Fig. 6. Stress distribution in the clamp material for
stretched in tension. Fig. 3 shows schematically the
position of a carbon nanotube clamped on the AFM
tip. The AFM tip surface is inclined at the angle a
from the vertical line, along which the axial force is ap-
plied. The nanotube is assumed to lie in the inclined sur-
face. The angle between the tube axis and the centerline
of the inclined surface is denoted as b, which may be pres-
ent during clamp deposition. The coordinate system is
centered at the clamped end of the tube, the Z-axis coin-
cides with the axial direction of the nanotube and the X–
Z plane is parallel to the inclined AFM tip surface. The
AFM tip is assumed to be a rigid solid and the perfect
bonding condition mentioned above is imposed on the
interface between the clamp and the AFM tip. The total
force exerted by the AFM tip in pulling the nanotube is
denoted by F, which is assumed to be in the direction
normal to the base plane of the AFM tip. Thus, the axial
force in the nanotube is Fz = Fcosacosb. Also, there are
force components in transverse directions, i.e.,
Fx = Fcosa sinb and Fy = F sina. It is understood that,
depending upon the geometry of the AFM tip and the
way the nanotube is clamped, the resultant force F act-
ing on the base of the AFM tip and the vertical force F

associated with the nanotube may not be coaxial. As a
misaligned nanotube orientation, a = b = 5�.
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result, a moment is induced in the nanotube, which in-
creases in magnitude with distance from the clamp.

According to the maximum normal stress criterion,
failure occurs whenever the largest principal stress
reaches the material failure strength. The principal stres-
ses can be obtained from the general stress tensor by
solving the eigenvalue equation. Thus, in our investiga-
tion of the stress distribution in the clamp material, the
focus is on the location of maximum stress concentra-
tion, as well as the effects of various contributing fac-
tors, such as the stiffness of clamp material, clamp
thickness, and nanotube inclination angles.

Fig. 4 displays the computational model for the
clamp. In the simulations, the Young�s modulus of the
clamp material is assumed to be 34 GPa unless stated
otherwise and the Poisson�s ratio of the clamp material
is assumed to be 0.3. Other basic parameters are: nano-
tube length 6.25 nm (Fig. 4(a)), nanotube (8, 0) diameter
0.63 nm, clamp height 1.14 nm (Fig. 4(a)), and the thick-
ness of clamp material coverage on the side opposite to
the nanotube/AFM tip interface is 0.64 nm (Fig. 4(b)).
The stresses are normalized by the applied force F
(nN) and thus the unit of stresses in the figures is
Fig. 7. Stress distribution in the clamp material for m
nm�2. The profiles of stress distribution shown in Figs.
5–8 are the stresses at the cross-section AB of the clamp.
Thus, in each figure, the center region is the section of
the nanotube; the left side depicts the part of clamp be-
tween the AFM tip and the nanotube; and the right side
is the part of clamp covering the nanotube.

First, we consider the case where the nanotube is as-
sumed to be in an ideal position, i.e., a = b = 0�. Fig. 5
shows the distributions of axial, transverse, and shear
stresses rzz, ryy, and ryz, respectively, as well as principal
stresses in three directions. It can be seen that the stress
distribution is rather complicated. Stress concentrations
occur at the lower and upper corner near the AFM tip,
and both rzz and ryy are in tension at the lower corner
and compression at the upper corner. The stress ryz ap-
pears to be symmetric with respect to the mid-section in
the thickness direction of the clamp. The maximum val-
ues of all three principal stresses occur at the lower cor-
ner near the AFM tip, which is the potential area of
damage initiation in the clamp.

Fig. 6 shows the stress distributions in the clamp
material for a = b = 5�, namely, the nanotube is not in
an ideal orientation and it is forming two non-zero
isaligned nanotube orientation, a = 5�, b = 30�.



Fig. 8. Distributions of maximum principal stress in the clamp
material having different Young�s modulus: (a) 34 GPa; (b) 100 GPa;
(c) 300 GPa.
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angles with the applied force F. The most significant dif-
ference between the stress distributions of this mis-
aligned case and the well-aligned case (Fig. 5) is that
the stress concentrations also occur at the clamp/nano-
tube interfacial area. The anti-symmetric distribution
of ryy and rzz through the thickness of the clamp mate-
rials between the clamp/AFM tip and clamp/nanotube
interfaces reflects the bending and torsion induced by
the misalignment. The magnitudes of principal stress
are also higher than those in Fig. 5.

Sometimes, there is a much larger misalignment be-
tween the loading direction and the axial direction of
the carbon nanotube. The stress concentrations are ex-
pected to be more serious as misalignment increases.
Fig. 7 shows the stress distributions in the clamp mate-
rial for a = 5� and b = 30�. The distributions of ryy and
rzz through the thickness of the clamp materials between
the clamp/AFM tip and clamp/nanotube interfaces are
no longer anti-symmetric and the stress concentrations
at the clamp/nanotube interface are significantly higher.
The magnitude of maximum principal stress is more
than three times of that in Fig. 6. Thus, the effect of mis-
alignment on the clamping capacity is significant.

Fig. 8 displays the distributions of maximum princi-
pal stress in the clamp material for three different
Young�s modulus values: (a) 34 GPa; (b) 100 GPa; and
(c) 300 GPa. The inclination angles are taken as a = 5�
and b = 0�. The results indicate that the contours of
maximum principal stress are roughly the same for the
three cases, but the magnitude of maximum stress in-
creases slightly with increasing clamp material stiffness.
As shown in the figure, the maximum tensile stress
Fig. 9. Effect of clamp pad thickness on the distribution of stress: (a) shear stresses and (b) maximum principal stress.
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appears at the nanotube/clamp interface. Since the
clamp material is basically hydrogenated amorphous
carbon the interfacial bonding strength may not be sig-
nificantly affected by the stiffness of the clamp material.
Therefore, the less stiff clamp material may be more
desirable for reducing the stress concentration, and,
hence, interfacial tensile failure.

The thickness of clamp material between the nano-
tube and the AFM tip has a significant effect on the
stress distributions. We refer to this part of the clamp
material as the ‘‘clamping pad’’. Fig. 9 shows the thick-
ness effect of the clamping pad on the shear stress ryz
and the maximum principal stress. It is seen that the
stresses increase with decreasing thickness of the clamp-
ing pad. The maximum shear stress is increased approx-
imately by 25% if the thickness is reduced to one half.
This means that a thicker clamping pad is more desir-
able for reducing the chance of interfacial failure.

In the experiments reported by Yu et al. [14] for mea-
suring the tensile strength of carbon nanotubes, there
were 21 cases of clamp failure and 19 of nanotube frac-
ture within the gauge length. Having confirmed the mag-
nitude of stress concentrations that may be responsible
for clamp failure from the above modeling analysis, it
is also essential to investigate the stress distribution in
the nanotube to gain a better understanding of how
and where a nanotube will break. Fig. 10 illustrates
the computational results for axial stress distribution
along the carbon nanotube normalized by the applied
stress. Four different cases are considered, i.e., (a)
a = b = 0�; (b) a = 5�, b = 0�; (c) a = b = 5� and (d)
a = 5�, b = 30� and the nanotube length is 6.25 nm.
For case (a), the axial stress is uniformly distributed
along the nanotube length in the part not covered by
the clamp. But for cases (b), (c) and (d), the axial stresses
in the nanotube have a significant magnification in the
region near the edge of the clamp. This stress magnifica-
tion is due to the bending and torsional moments re-
sulted from the misalignment of nanotube with the
tensile load. Thus, it can be concluded that nanotube
breaking will mostly occur near the edge of the clamp
if the nanotube is not well aligned with the direction
of applied force. This finding is consistent with the
experimental observations for solid nanowires tested re-
cently in the Ruoff group, such as boron and carbonized
electrospun PAN-based nanofibers. We note that even
though there was misalignment in the work of Yu
et al. [14], failure in the 19 successful tests occurred at
essentially random locations along the outer shell of
the MWCNTs. The range of fracture strengths, relative
to the expected fracture strength of a defect free carbon
nanotube, has been rationalized as due to the presence
of large ‘‘holes’’ in the outer shell from oxidative pitting
[31,32].

It should be noted that our analysis focuses on a few
key factors which influence the clamping capacity and
nanotube failure. By assuming a rigid AFM tip, the
analysis does not take into account its deformation.
Practically, the AFM tip made of silicon has a Young�s
modulus about 150 GPa. Sometimes, there is a thin
layer of SiO2 on the silicon tip and the Young�s modulus
is even lower (roughly 60–70 GPa). Therefore, the mag-
nitudes of the stiffnesses of the clamp material and the
AFM tip are in the same order. If the deformation of
the AFM tip were included for more accurate analysis,
the stress concentrations at the interface between the
AFM tip and the clamp material would be less than
the present results. However, our simulations indicate
that the most serious stress concentration usually occurs
at the clamp/nanotube interface, due to the inevitable
misalignment in experiments between the load direction
and the axial direction of nanotube.
5. Conclusions

The proper clamping of a carbon nanotube to the tip
of an AFM determines the effectiveness in nanotube
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tensile testing. In this paper, we analyze the stress distri-
bution of nanotube clamps formed by the EBID tech-
nique and examine the contributing factors, including
nanotube position, stiffness of clamp material, and
thickness of the clamping pad between the AFM tip
and the nanotube. The numerical analysis is performed
by a multiscale modeling technique. The nanotube is
modeled at the atomistic scale by the molecular struc-
tural mechanics approach, and the clamp material is
analyzed by the continuum finite element method. The
nanotube and the clamp material are assumed to be per-
fectly bonded. The simulation results indicate that the
location and intensity of stress concentration are sensi-
tive to the nanotube orientation. The clampmaterial with
a relatively lower stiffness reduces the magnitude of stress
concentration. Also, the increase of the thickness of the
clamping pad between a nanotube and the AFM tip re-
duces the tensile stress concentration. The misalignment
between the applied tensile force and the nanotube orien-
tation results in bending and torsional loads on the
nanotube and, hence, additional interfacial shear stress
concentrations in the clamp material. Also, the misalign-
ment is in part responsible for having caused failure of
carbon nanotubes near the edge of the clamp.
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