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A new analytical model is developed for interpreting tensile loading data on “templated carbon
nanotubes” 共T-CNTs, amorphous carbon nanotubes made by pyrolysis with the channels of
nanopores in anodized alumina nanopore arrays兲 obtained with a microelectromechanical-system
共MEMS兲-based mechanical testing stage. It is found that the force output from the actuation unit of
the testing stage depends on the stiffness of the force sensing beam and the nanostructure being
loaded, as well as the power input. A superposition method is used to treat the mechanics of the
device structure in the linear elasticity response regime. To our knowledge this is a new approach
for solving the mechanical response of MEMS structures with variable force output and of the
configuration described herein. An in situ mechanical testing of individual T-CNTs was undertaken
in a scanning electron microscope 共LEO1525兲 using a new device fabricated with integrated
electrodes for controlled deposition of T-CNTs by electric-field guided assembly in a liquid. The
T-CNT was subsequently tensile loaded to the point of fracture. The calculated modulus of the
T-CNT using the new model based on the experimentally measured displacement of the moving
platform with and without the T-CNT attached falls within the range expected for amorphous
carbon. The new model corrects the treatment in a previously presented model 关S. Lu et al., Rev.
Sci. Instrum. 75, 2154 共2004兲兴. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2198789兴

A microelectromechanical-system 共MEMS兲-based testing stage for measuring the mechanical properties of nanostructures was previously presented.1 Nanometer scale displacement resolution was obtained when testing the device in
a scanning electron microscope 共SEM兲 but without nanostructures attached. The device consists of a thermal actuator
coupled to a motion amplification structure and an indirect
force sensing beam. A method was developed for electricfield guided assembly of nanowires such as templated carbon nanotubes 共T-CNTs兲,2 and then put to use with this tensile loading device by fabrication of optimized platforms,
electrodes, and circuits. It has become apparent that a new
model for obtaining Young’s modulus of nanowires or nanotubes loaded with this testing stage was needed to correctly
treat the device and nanostructure mechanics during actuation. This new model may be of use for other MEMS devices
having nonlinear force output. Thus, the primary focus of
this article is the presentation of this new model. We note for
the reader that T-CNTs are not particularly uniform with respect to cross section along their length, but they were used
here because of our prior experience in readily identifying
their deposition through electric-field guided assembly with
optical microscopy,2 which led to the realization that a new
treatment of the device function 共its mechanics兲 was called
for.
Figure 1共a兲 shows the new device having the integrated
electrodes. The thickness of the structures is 100 m, and
a兲
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the distance between the silicon platforms 共attached to the
moving and fixed platforms, respectively兲 is 6 m, chosen
from separate optimization of the electric-field guided assembly process of deposition. Au electrodes were patterned
on top of the silicon platforms for aligning and attaching
T-CNTs by dielectrophoretic deposition. Details regarding
the design, fabrication, and process of dielectrophoretic
deposition are described in our previous work.2,3 A T-CNT
deposited across the two platforms of the testing stage is
shown in Fig. 1共b兲. The amorphous T-CNTs were made by
pyrolyzing ethylene in alumina nanopore membranes.4 After
deposition, the T-CNT was clamped at each platform by
making a carbonaceous deposit with the electron beam induced decomposition 共EBID兲 method.3,5,6 By applying current through the thermal expansion beams, the device is actuated and the platform Pm 共the “moving platform”兲 is pulled
toward the left in Fig. 1. A tensile load is thereby applied to
the T-CNT attached between platform Pm and the opposing
fixed platform 共P f 兲. The displacement of platform Pm will
differ depending on whether a T-CNT is attached across the
two platforms. By knowing the device mechanics and by
measuring displacement with and without the nanostructure
共here, T-CNT兲 the stiffness and modulus of the T-CNT could
be obtained, based on the following model.
We first define the device as consisting of two different
functional units. The actuation unit is composed of the thermal expansion beams and the motion amplification beam
关Figs. 1共a兲 and 2兴. The indirect force sensing beam and the
attached specimen 共T-CNT in this case兲 are the measurement
unit. The force output from the actuation unit is the load
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FIG. 2. 共Color online兲 共a兲 Schematics of the device and 共b兲 an equivalent
spring system. Kd is the stiffness of the actuation unit, and K* = Kb 共without
T-CNT attached兲 or K* = Kb + Ks 共with T-CNT attached兲. In illustration 共a兲,
the nanostructure is not loaded.

FIG. 1. 共Color online兲 共a兲 SEM image of an improved tensile loading device
for measuring the mechanics of nanostructures. The device is symmetric so
half of it is shown here. The length of the thermal expansion beam is
1022 m, the width is 48 m, and the thickness is 100 m. The total resistance of the thermal expansion beams 共half of the symmetrical device兲 is
85 ⍀. The device is operated by grounding the central electrical pad and the
outer electrodes are at the same potential. 共b兲 A T-CNT assembled across the
platforms of the testing stage in 共a兲. The average outer diameter 共o.d.兲 of the
T-CNT is 330 nm, the average inner diameter 共i.d.兲 is 163 nm, and the
length between the clamps prior to loading is 10 m. The average cross
sectional area is 6.5⫻ 10−14 m2 共Ref. 7兲.

applied to the measurement unit. We note that the 共secant兲
stiffness of a structure is defined as the force divided by the
displacement 共along a particular direction at a particular
point兲 caused by the force 共only兲. The force used to define
the stiffness of the actuation unit 共Kd兲 is its output force
applied to the measurement unit, while the corresponding
displacement is the displacement of this unit at point A 关Fig.
2共a兲兴 caused by this force only 共along the axis of the opposing platforms兲. The displacement x that is experimentally
measured at the moving platform Pm is not caused by the
output force only, as discussed in detail below. The displacement x, used for defining the stiffness of the measurement
unit, is the horizontal displacement at the midpoint of the
force sensing beam 共on the moving platform兲, which is

equivalent to the actual displacement x of point A that we
measured. Obviously, the corresponding force for the measurement unit is equal to the value of the output force of the
actuation unit. Hence, the stiffness of the measurement unit
is K* = Kb 共without the attached specimen兲 or K* = Kb + Ks
共with specimen attached, i.e., the clamped, clamped boundary condition兲, where Kb is the stiffness of the indirect force
sensing beam, and Ks is the stiffness of the specimen 共TCNT兲.
The force output from the actuation unit depends on the
stiffness of the measurement unit as well as the power input.
Thus, at a particular power input, the force output can be
written as F = f共K*兲. If the stiffness of the measurement unit
changes as a consequence of the loading from different nanostructures, then the force output from the actuation unit 共at
point A兲 will change as well, even if the actuation unit has
the same power input from the power supply.
A previous model assumed that, for a certain power input, the force output at point A was constant. This assumption was found to be not valid for the mechanical structure of
this testing stage, which can be proved by considering an
asymptotic case. If this assumption were true at a particular
power input, it would mean that the displacement of the measurement unit is inversely proportional to the stiffness of the
force sensing beam Kb. If this were true, when the stiffness
Kb approaches zero, the displacement would be infinitely
large. However, the displacement 共x兲 would not be infinitely
large for a given power input, because it is limited by the
structure of the actuation unit. Hence the reported method1 of
calculating the stiffness of a nanostructure loaded with this
device is not correct and we provide the correct model here.
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Notes

FIG. 3. Displacement of the moving platform when a T-CNT is, and is not,
loaded.

By the definition of the measurement unit stiffness K*,
the displacement x satisfies K*x = F, where x cannot be obtained when K* = 0. The value of x can only be obtained by
making an imaginary cut at point A that separates the actuation unit and the measurement unit, with the temperature
distribution and thermal boundary condition not changed,8 as
before this imaginary cut. For this imaginary situation, F
= 0. The actuation unit will move 共to the left兲 toward the
central pad a certain distance after this imaginary cut. We
call this imaginary situation the free status and denote the
displacement of the actuation unit at this free status as ␦0. It
should be noted that even though the output force of the
actuation unit is zero, there does exist thermal stress due to
the power input. Obviously, the value ␦0 depends on the
power input, and the larger the power input, the larger is ␦0.
Because the nanostructures we tested are very slim, we assume that the effect of the nanostructure on the temperature
distribution and thermal boundary conditions of the silicon
structure can be ignored. As we will show below, the deformation of the silicon structures is very small and can therefore be treated as within the linear elasticity regime. Therefore, the effect of the device deformation on the temperature
distribution is negligible. Hence, ␦0 only depends on the
amount of power input.
During our testing, the silicon structure is elastic before
the specimen 共T-CNT兲 is broken as the whole structure returns to the original configuration when the input power is
reduced to zero. The system is in the linear elastic regime
because 共1兲 the strains in the silicon structure estimated from
the measured displacements are within the linear elastic regime of the material 共⬍0.001% in the force sensing beam兲,
共2兲 numerical simulation shows that the whole structure is
within the linear elastic regime, and 共3兲 the experimental
results in Fig. 3 also confirm the linear relation between the
load 共power input兲 and the response 共the displacement兲.
Hence, the well-known principle of superposition in the linear elastic regime can be applied.
Thus in the real situation, the displacement of the actuation unit can be divided into two parts: one is caused by the
thermal stress in the free status and the other is caused by the
force applied by the measurement unit, which is equal to the

output force F. As explained above, the first part of the displacement is ␦0 of the free status. The second part of the
displacement can be computed based on the original 共undeformed兲 structure, since the effect of the small displacement
␦0 can be ignored in linear elasticity theory. Because the
change of silicon modulus is less than 5% between 300 and
850 K,10,11 it is acceptable to ignore the difference in the
moduli of the silicon structure caused by slight changes in
temperature. Thus, the secant stiffness of the actuation unit
Kd can be considered as a constant because of the linear
elasticity. Similarly the secant stiffness of the indirect force
sensing beam Kb is also a constant. Thus, the system can be
simplified as shown in the spring diagram 关Fig. 2共b兲兴, in
which the actuation unit is represented as a spring 共loading
device spring兲 with a constant stiffness Kd, while the measurement unit is simplified as a “measurement” spring with
stiffness K*.
As stated above, if the two springs are hypothetically
separated, the distance between the two resulting relaxed
springs is ␦0, which depends on the magnitude of the input
power. The total displacement x of the actuation unit is then
x = ␦0 − F/Kd .

共1兲

This displacement is equal to the displacement of the measurement unit, so
x = F/K* .

共2兲

When the device is actuated and no nanostructures are
loaded, as in Fig. 2共b兲, the actuation unit is loaded with a
force from the force sensing beam only. The force output
from the actuation device F1 can be derived from 共1兲 and 共2兲,
F 1 = K d共 ␦ 0 − x 1兲 = K bx 1 ,

共3兲

where x1 is the deformation of the force sensing beam. When
a nanostructure 共T-CNT兲 is attached, the displacement of the
measurement unit is x2, and by applying Eqs. 共1兲 and 共2兲, we
have
F2 = Kd共␦0 − x2兲 = 共Kb + Ks兲x2 ,

共4兲

and with Eq. 共3兲, we obtain
Ks = 共Kd + Kb兲共x1 − x2兲/x2 ,

共5兲

which indicates
x1 − x2
Ks
=
= const.
x2
Kd + Kb

共6兲

With this solution, we tested a T-CNT in Fig. 1 with
monotonically increasing power inside the SEM. The instrumentation and testing procedure are described by Lu et al.3
The current was adjusted in 10 mA increments in constant
current mode while the voltage was recorded from the same
power supply 共HP6613 dc; Hewlett Packard兲. The elongation
of this T-CNT was repeatable below 109 mW during three
such tensile loading experiments. The T-CNT was broken
when the power reached 153 mW during the third experiment. No slippage was observed between the T-CNT, the
clamps, and the platform surfaces. The displacement of the
moving platform was obtained by measuring the elongation
of the T-CNT, since the other end of the T-CNT was clamped
on the fixed platform. The T-CNT elongation was measured
between the inner edges of the clamps at each input power,
from the SEM images. After fracturing the T-CNT, the dis-
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placement of the moving platform without any attached
T-CNT was measured at the same intervals of power input,
by following the sharp features on the sidewall of the platform Pm with the method reported previously.1 The experimentally measured displacement of the moving platform Pm
with 共x⬘兲 and without 共x兲 the T-CNT attached is shown in
Fig. 3.
The stiffness of the actuation device Kd and the force
sensing beam Kb can be calculated by using the finite element analysis software ABAQUS, with the actual dimensions
of the device as measured in the SEM. From the experimental results displayed in Fig. 3, the average 共x1 − x2兲 / x2 is 0.75.
The computed stiffness of the actuation device is Kd = 5.6
⫻ 102 N / m, and the stiffness of the force sensing beam is
Kb = 2.8 N / m; the modulus E = 169 GPa 关共110兲 direction9兴 is
used for silicon because the device is fabricated such that the
long beams 共thermal expansion beam, indirect force sensing
beams兲 are along the 共110兲 direction. Substituting into Eq.
共6兲, we obtain Ks = 4.2⫻ 102 N / m. Ultimately, the modulus
of the T-CNT is determined to be Es = KsLs / As = 66 GPa,
where dimensions of the T-CNT are derived from SEM images such as the one shown in Fig. 1. This is a typical value
for such T-CNTs, as discussed next.
The T-CNTs were also tested independently with the use
of atomic force microscopy 共AFM兲 cantilevers attached to a
nanomanipulator in the SEM. The testing procedure is the
same as previously used for multiwall carbon nanotubes and
amorphous carbon nanocoils.6,12,13 A T-CNT was attached
between two opposing AFM tips, with each end of the
T-CNT clamped onto the AFM cantilever tips by the EBID
method.5 One of the cantilevers is relatively stiff 共k
= 14.0 N / m兲 and the other one is relatively soft 共k
= 0.3 N / m, both on chip NSC12; MikroMasch Inc.兲. A tensile load is applied to the T-CNT when the soft cantilever is
moved away from the stiff cantilever through nanomanipulation. This compliant cantilever is used as the force sensing
element, and the force applied on the T-CNT can be obtained
from the amount of bending by using the beam theory. The
modulus values obtained for the T-CNTs were 30, 45, and
23 GPa for three different T-CNTs. As mentioned, these
T-CNTs have an amorphous structure,4 and we note that the
T-CNTs may possibly contain hydrogen, that is, might be
comprised of hydrogenated amorphous carbon.
In summary, a new model of a MEMS-based nanomechanical testing stage has been developed to interpret the
experimental data and extract the modulus of a nanostructure, here a T-CNT, being tested with the stage. It is found
that the force output from the actuation unit depends on the
stiffness of the force sensing beam and the nanostructure
specimen, as well as the power input. A superposition

method was applied for analyzing the device response in the
linear elasticity regime. To our knowledge, this is a new
treatment of such a loading configuration and experiment.
The results provided by a previous model1 are thus corrected.
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