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In situ electron microscopy tensile tests of nanowires and carbon nanotubes performed using a
MEMS-based material testing system are reported. The development of the material testing sys-
tem (previously reported elsewhere23–26) is briefly reviewed. This system, consisting of a surface
micromachined actuator and load sensor, makes possible continuous observation of specimen
deformation and failure with sub-nanometer resolution, while simultaneously measuring the applied
load electronically with nanonewton resolution. This letter begins with a brief review of some of the
methods used in mechanical characterization of nanoscale specimens, followed by a description
of the MEMS-based material testing system. Finally, emphasis is placed on experimental results
demonstrating the advantages of the MEMS-based system.

Keywords: Material Testing, Carbon Nanotube, Nanowire.

1. INTRODUCTION

Methods for nanomechanical characterization of materi-
als have recently attracted significant attention due to the
emergence of various novel nano-scale materials and struc-
tures in the past decade. For example, nanotubes and
nanowires are seen as ideal structures for use in a vari-
ety of applications ranging from nanocomposites to nano-
electromechanical systems. However, their scale presents a
new set of challenges to the mechanics community. Iden-
tification of their properties and deformation mechanisms
requires techniques of loading, measuring, and imaging
with finer resolutions than previously achieved. As a result,
these structures demand quantitative in situ mechanical
testing in scanning or transmission electron microscopes
(SEM or TEM), or scanning probe microscopes (SPM).

The Young’s modulus of nanostructures can be esti-
mated by observing their vibrations. Treacy et al.1 deter-
mined the Young’s modulus of multi-walled carbon
nanotubes (MWNTs) by measuring the amplitude of their
thermal vibrations within a TEM. The Young’s modulus
of the MWNT was estimated based on the size of the
envelope of the vibration. Poncharal et al.2 measured
the Young’s modulus of MWNTs by inducing resonance
within a TEM. By increasing the driving frequency to the
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point of resonance, the authors were able to estimate the
Young’s modulus based on the measured geometry of the
MWNTs and their resonance frequency. These techniques
do not provide a true measurement of load or deforma-
tion and do not allow for imaging of the specimen as the
vibration is significantly faster than the scan speed of the
imaging beam.

Bending techniques, including force spectroscopy
atomic force microscopy (AFM),3 nanoindentation,4 and
on-chip testing,5�6 involve application of a known bending
force while measuring the resulting displacement. Wong
et al.7 measured the Young’s modulus, strength, and tough-
ness of MWNTs and SiC nanorods using an atomic force
microscope (AFM). The nanostructures were randomly
dispersed on a flat substrate and pinned in place by micro-
fabricated patches. The AFM was then used to bend the
cantilevered structures transversely. By measuring the lat-
eral force applied to the AFM probe by the nanostructure,
the authors were able to obtain force versus deflection
data at various locations along the length of the struc-
ture. To avoid adhesion, Walters et al.8 suspended MWNTs
over a microfabricated trench before bending them lat-
erally with an AFM. Salvetat et al.9 dispersed MWNTs
over an alumina ultrafiltration membrane with 200 nm
pores. This created similarly suspended nanostructures.
The authors then deflected the suspended MWNTs ver-
tically using an AFM probe in contact mode to obtain
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similar force-displacement measurements. Again, these
techniques typically lack the ability to image the specimen
during loading.

The tensile test is perhaps the most direct method of
determining the Young’s modulus of a material. Some ten-
sile techniques allow for simultaneous load measurement
and local imaging by AFM,10 optical interferometry,11

or scanning electron microscopy (SEM).12�13 On a larger
scale, Pan et al.14 used a stress–strain rig to load a long
(approximately 2 mm) MWNT rope in tension. This rope
contained tens of thousands of parallel nanotubes. Sharpe
et al.11 loaded thin films in tension while simultaneously
measuring displacement using either a capacitance-based
displacement probe or laser interferometry, depending on
the size of the sample. These techniques tend to be bet-
ter suited to the micrometer scale and not to the study of
nanostructures such as nanotubes or nanowires due to their
limited resolution. Likewise, Espinosa et al.15–18 investi-
gated size scale plasticity, strength and fracture toughness
of freestanding thin film materials using a nanoindenter as
a loading device.

On a smaller scale, Yu et al.12 and Ding et al.13 used a
micro- or nanomanipulator to conduct in situ SEM tensile
testing of MWNTs. Likewise, Marszalek et al.3 attached
a gold nanowire to an AFM probe of known stiffness. By
lifting the probe a prescribed amount using the piezoelec-
tric actuators of the AFM and observing the corresponding
deflection of the probe, they were able to deduce the force
applied to the nanowire and corresponding displacement.

Other techniques combine microfabricated and larger-
scale devices. These allow alternating SEM or TEM imag-
ing and load or deformation measurement modes through
switching of the imaging electron beam between the spec-
imen and microfabricated beams used as load sensors.19�20

During this switching, important local deformation events
may go unobserved. Finally, some techniques have been
developed to provide real time images of the specimen dur-
ing loading. However, quantitative measurement of load
and deformation are not provided independently.21�22

The methods described above represent some of the sig-
nificant progress made recently in the mechanical testing
of nanostructures. However, lack of control in experimen-
tal conditions or limited accuracy of force and displace-
ment measurements can limit their applicability. Recent
advances in microelectromechanical systems (MEMS) cre-
ate the potential for material testing systems that overcome
some of the described limitations. MEMS lend themselves
naturally to material testing at the nanometer scale. These
systems consist of combinations of micromachined ele-
ments, including strain sensors and actuators, integrated
on a single chip. Due to their intermediate size, MEMS
serve as an excellent interface between the macro and nano
world. Their extremely fine force and displacement res-
olution allows accurate measurement and transduction of
forces and displacements relevant at the nanometer scale.

2. METHODOLOGY

The MEMS-based material testing system described here
has previously been reported in detail.23–26 For the pur-
poses of this article, we briefly review the device so that
the following experimental results and the way in which
they were obtained may be more clearly understood. The
device consists of three parts: an actuator, a load sensor,
and a gap between them for placement of nanostructures,
as shown in Figures 1(a) and (b). The devices were fabri-
cated at MEMSCAP (Durham, NC) using the Multi User
MEMS Process (MUMPs). Two types of actuators, an
electrostatic (comb-drive) actuator27–29 and an electrother-
mal actuator30�31 were used to apply time-dependent forces
or displacements, respectively. The load sensor operates on
the basis of differential capacitive sensing.23–25 The sensor
displacement is determined by the measured capacitance
change. This displacement is used to compute the applied
force based on the known stiffness of the sensor. The
design of the actuator and load sensor will be described
later.

Figure 1(a) shows the entire device. The electrother-
mal actuator acts as a “displacement control” in the sense
that it applies a prescribed displacement to the specimen
regardless of the force required to achieve this displace-
ment (within the functional range of the device). The load
sensor is suspended on a set of folded beams of known

Fig. 1. Two variations of the MEMS-based material testing stage.
(a) “Displacement controlled” device using a thermal actuator and dif-
ferential capacitive load sensor. (b) “Force controlled” device using an
electrostatic comb-drive actuator and differential capacitive load sensor.

2 Sensor Letters 6, 1–12, 2008
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stiffness and measures the corresponding tensile force
applied to the specimen. Figure 1(b) shows an alternative
loading stage using an electrostatic rather than a thermal
actuator. The electrostatic actuator works as a “force con-
trol,” applying a prescribed force regardless of the result-
ing displacement (again within a functional range).

The thermal actuator has the capability of testing stiff
structures, e.g., nanoscale thin films and large diameter
NWs, while the comb drive actuator is better-suited for
relatively compliant structures, which deformation is force
controlled. While both the thermal and electrostatic actu-
ators lend themselves nicely to standard microfabrication
techniques, the remainder of this letter focuses on the
device using the thermal actuator as a case study in the
design and modeling involved in building such a device.
Electrostatic actuators have been thoroughly described
elsewhere, for example.5�32�33

In our design for in situ SEM testing, 20 devices with
different types of actuators and load sensors are arranged
on a 10 × 10 mm2 chip. To make electrical connection,
there are 100 gold pads fabricated around the periphery
of the chip. The chip is glued to the cavity of a ceramic pin
grid array package, and the gold pads are wire-bonded
to the 100 leads around the cavity as shown in
Figure 2(a). The corresponding pins in the back of the
package make the electric connection to a printed circuit
board, which in turn is connected to electronic actuation
and measuring instrumentation.

Measuring capacitance changes with subfemtofarad res-
olution, as required in this application, is quite challenging.
Fortunately, a method to measure charge that mitigates
the effect of parasitic capacitance has been developed by
the MEMS community.34�35 A commercially available inte-
grated circuit based on this method, Universal Capacitive
Readout MS3110 (MicroSensors, Costa Mesa, CA), is used
here. The MEMS device chip is positioned close to the
integrated sensing chip on the circuit board to minimize
amplified electromagnetic interference (Fig. 2(a)). The out-
put voltage is proportional to the capacitance change.

In addition to the in situ SEM measurements reported
here, this device has the potential to impact other
nanoscale characterization techniques. For instance, in situ
TEM testing of nanostructures is possible with the addi-
tion of a microfabricated window beneath specimen gap to
allow the imaging beam to pass through the device sub-
strate. The major challenge here is to etch the window,
from the back of the silicon wafer, without damaging the
previously fabricated structures. We accomplished this task
by deep reactive ion etching of the window before releas-
ing the devices.23�26 Figure 2(b) shows a MEMS chip (5×
10 mm) containing four MEMS devices. The two devices
in the center are used for in situ TEM testing, while the
other two devices are used in calibration tests. The chip has
eight contact pads for electric actuation/sensing. The chip
is designed to be directly mounted on a specially designed

(a)

(b)

Fig. 2. (a) Experimental setup for in situ SEM testing. The MEMS
device chip is positioned near the MS3110 chip on a printed circuit
board. The setup is connected to a power supply, a digital multimeter,
and a computer outside the SEM by means of a chamber feedthrough.
(b) In situ TEM holder (containing a feedthrough and eight electric con-
tact pads)36 along with a 5×10 mm MEMS chip. In an actual experiment,
the MEMS chip is flipped, placed in the TEM holder, and fixed by the
left and right clamps.

TEM holder containing a feed-through and interconnects
to electrically address the devices (Fig. 2(b)).23�36 In this
case, the sensing integrated circuit chip (MS3110) used
in the capacitance measurement is located outside of the
TEM.

2.1. Electrothermal Actuator Design

Electrothermal actuation complements electrostatic
schemes as a compact, stable, high-force actuation
technique.37 Various forms of thermal actuators have
been employed in systems ranging from linear and
rotary microengines,38 to two-dimensional nano-scale
positioners,39 optical benches,40 and instrumentation for
material characterization.41 By incorporating compliant
mechanisms larger displacements can be achieved.39

Modeling of the thermal actuators generally takes one
of two approaches:
(1) A sequential electro-thermal and thermo-structural
analysis42–44 or;
(2) A complete coupled three-dimensional finite element
analysis (FEA).45

Sensor Letters 6, 1–12, 2008 3
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Fig. 3. (a) Schematic of the thermal actuator. (b) Cross section of a
single beam suspended over the substrate.

Additional analyses include characterization of the
temperature-dependent electro-thermal properties37�45 of
these devices. A schematic of the thermal actuator to be
analyzed is shown in Figure 3. The thermal actuator con-
sists of a series of inclined polysilicon beams supporting
a free-standing shuttle. One end of each of the inclined
beams is anchored to the substrate while the opposite end
connects to the shuttle. Thermal expansion of the inclined
beams, induced by Joule heating, causes the shuttle to
move forward. This heating is the result of current flowing
through the beams driven by a voltage applied across the
two anchor points.46 Modeling of these actuators requires a
two-step analysis; first an electrothermal analysis to deter-
mine the temperature distribution in the device, followed
by a thermostructural analysis to determine the resulting
displacement field.

An electrothermal model of the device is developed to
determine the temperature distribution as a function of the
applied voltage. This is highly dependent upon the oper-
ating environment. When operating in air, the dominant
heat transfer mechanism is heat conduction between the
actuator and substrate through the air-filled gap between
them.43�44�46 Here the governing equation is,

kp

d2T

dx2
+ J 2�= S

h

T −Ts

RT

(1)

where kp and � are the thermal conductivity and resis-
tivity respectively of the polysilicon beams; J is the cur-
rent density; S = h/w2hair/h+1�+ 1 is a shape factor
accounting for the effect of element shape on heat con-
duction to the substrate; RT = hair/kair +hn/kn +hs/ks is
the thermal resistance between the polysilicon beam and
substrate; h and w are the thickness and width of a single
beam respectively; hair is the gap between the beam and
silicon nitride layer on the substrate; hn is the thickness of
the silicon nitride; hs is the representative thickness of the
substrate; kair, kn, ks are the thermal conductivities of air,
silicon nitride, and the substrate respectively; and Ts is the
temperature of the substrate.

The thermal conductivities kp and kair are both
temperature dependent. However, the assumption of a
constant kp yields results similar to those using a

temperature-dependent value of kp.42 Assuming a constant
kp and temperature dependent kair, the finite difference
method is implemented to solve (Eq. (1)) by writing the
second-order differential equation in the form d2T /dx2 =
bx�T �, and approximating it as,

d2T

dx2
≈ 1

�x�2
Ti+1 −2Ti+Ti−1� (2)

Figure 4(a) shows the steady-state temperature profile
obtained for a two-leg (one pair of inclined beams) thermal
actuator operating in air. The temperature of the shuttle
is significantly lower than that of the majority of each
beam. This is due to the relatively low current density in
the shuttle, resulting in a lower rate of heat generation as
compared to that of the beams. Furthermore the relatively
large area of the shuttle results in greater heat dissipation
through the air to the substrate.

Fig. 4. Steady state temperature profile (with respect to the substrate)
along a pair of inclined beams and the shuttle while operated (a) in
air for both constant and temperature-dependent values of kair , and;
(b) in vacuum with an input current of 10 mA. In both cases, locations
0–300 �m and 360–660 �m correspond to the thermal beams while the
center region is the shuttle between the beams. The beams are anchored
to the substrate at 0 and 660 �m. In air, the highest temperature occurs in
the beams. In vacuum, the temperature depends most upon the distance
from the anchor points (which are now assumed to be the only source of
heat dissipation) and thus the shuttle reaches the highest temperature.

4 Sensor Letters 6, 1–12, 2008
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The thermal conductivity of the air has a significant
effect on the actuator behavior.43 This strong dependence
is clearly seen in Figure 4(a), where the only difference
between the two curves is the temperature dependence of
the thermal conductivity of air. kair increases with tempera-
ture, increasing the heat flow between the beams and shut-
tle and the substrate. Consequently the temperature of the
beams and shuttle is lower for a given current flow. Clearly
decreasing heat conduction through the air increases the
temperature of the beams. Ultimately, operation in vacuum
maximizes the beam temperature for a given current flow,
making the device more efficient.

In contrast, heat dissipation by conduction through the
anchors to the substrate dominates in vacuum.43�46 Assum-
ing each beam is thermally independent, an electrother-
mal model based on a single beam is presented.43 Heat
transfer within the beam is treated as a one-dimensional
problem since the length dimension is significantly larger
than either of the cross-sectional dimensions. To analyze
the case where the thermal actuator operates in vacuum,
the term for heat conduction through the air is removed
from (Eq. (1)),

kp

d2T

dx2
+ J 2�= 0 (3)

Figure 4(b) shows that the highest temperature now occurs
in the shuttle rather than in the beams. Here the tempera-
ture depends most upon the distance from the anchor points
which are now assumed to be the only source of heat dis-
sipation. Since the shuttle is furthest from the anchors, it
reaches the highest temperature. With the temperature dis-
tribution now known from the electrothermal analysis, the
thermomechanical behavior of the actuator is modeled to
determine the resulting displacement (see Refs. [24–26]).

While the displacement of the actuator in vacuum is
easily characterized experimentally,24 the temperature dis-
tribution is more difficult to obtain. Therefore a coupled-
field simulation is particularly necessary. This analysis also
helps to assess the temperature at the actuator-specimen
interface and to examine the effectiveness of the thin heat
sink beams in controlling the temperature increase of the
specimen during actuation.26

The MEMS-based tensile stage is intended to operate
within the SEM or TEM. Thus the following finite element

Fig. 5. (a) Temperature increase (�C) and (b) displacement field (nm) in the thermal actuator. The displacement component plotted is in the shuttle
axial direction. (c) Temperature (�C) and (d) displacement field (nm) in the thermal actuator with three pairs of heat sink beams at the specimen end.
In this analysis, the heat sink beams are 40 �m in length and 4 �m wide with 16 �m spacing be between them. ANSYS Multiphysics, version 6.1
was used in this analysis.

electrothermal analysis is carried out for the case where the
device operates in vacuum. The actuation voltage applied
across the anchor points serves as the input while the out-
put includes both the actuator temperature and displace-
ment fields. Displacements at the anchor points are held
fixed in the mechanical boundary conditions. The thermal
boundary conditions dictate a constant temperature at the
anchors.

Figures 5(a, b) depicts the temperature and displacement
in the thermal actuator for an actuation voltage of 1 V. As
previously described, heat dissipation through the anchors
is the dominant dissipation mechanism. Since the shuttle is
furthest from the anchors, the highest temperature occurs
in the shuttle. Due to the non-uniformity of the tempera-
ture distribution, the displacement is also non-uniform.

Heating of the specimen during actuation is unavoid-
able as a result of the increased temperature of the shut-
tle to which the sample is attached. However, this effect
is minimized with the addition of a series of heat sink
beams running between the shuttle and substrate near the
shuttle-specimen interface as shown in Figures 5(c, d).
To avoid out-of-plane bending another three pairs of heat
sink beams are placed at the opposite end of the shuttle.
Comparing this to the case without the heat sink beams
(Figs. 5(a, b)) this configuration allows for more than twice
the displacement at the specimen end of the shuttle for
the same allowable temperature increase at the shuttle-
specimen interface. The problem of specimen heating can
be further mitigated with the addition of a thermal isola-
tion layer between the actuator and specimen following the
custom microfabrication process46 for highly temperature-
sensitive samples.

The thermal actuator is calibrated experimentally to
verify the analytical and FEA models described above.
Figure 624 shows a comparison of the analytical and FEA
predictions of actuator displacement for a given current
input with experimentally-measured results. The displace-
ment of the actuators was measured in the SEM,25 giving
spatial resolution of better than 5 nm. Using the ana-
lytical model, the displacement is computed based on
experimentally-measured temperatures in the actuator.24 In
order to obtain the resulting current, the resistance of the
actuator is computed using the output temperature and a

Sensor Letters 6, 1–12, 2008 5
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Fig. 6. Comparison of displacement at the actuator-specimen interface
as predicted by the analytical and FEA models and measured experimen-
tally. Displacement is plotted as a function of the input current.

value of resistivity corresponding to the average tempera-
ture of the device.24

The models agree well with the experimentally-
measured actuator displacements as shown in Figure 6.
This suggests the models are useful in predicting the
behavior of thermal actuators of other geometry. At large
currents (above approximately 12 mA), both the analytical
and FEA models deviate slightly from the experimental
results. This can be explained largely by inaccuracies
in material parameters such as resistivity and thermal
conductivity at high temperatures.37�43 Furthermore, the
microstructure of polysilicon begins to be modified at
these high current levels and elevated temperatures.24

2.2. Load Sensor Design

The load sensor consists of a differential capacitive dis-
placement sensor suspended on a set of elastic mem-
bers of known stiffness. By calibrating the stiffness of
the sensor,25�26 the load is computed based on the mea-
sured displacement. The differential capacitive displace-
ment sensor34�35�47 is chosen for its sensitivity and linear
behavior over a range of displacements appropriate for ten-
sile testing of nanostructures.

The differential capacitive sensor is comprised of a mov-
able rigid shuttle with electrodes (or “fingers”) pointing
outward as shown schematically in Figure 7(a).25 These
fingers are interdigitated between pairs of stationary fin-
gers (Fig. 7(b)) fixed to the substrate. Under no load each
movable finger sits centered between the two stationary
fingers. Each set of fingers (one movable and a stationary
on either side) forms two capacitors one between the mov-
able finger and each stationary finger. The entire capaci-
tance sensor is equivalent to two combined capacitances,
C1 and C2, as shown in Figure 7(a), namely,

C1 = C2 = C0 = �N
A

d0

1+ f � (4)

Fig. 7. (a) A simple model of the differential capacitor. (b) Double
chip architecture used for measuring capacitance change. The capacitance
change is proportional to the output voltage change.

where � is the electric permittivity, N is the number of
unit movable fingers, A and d0 are the area of overlap and
initial gap respectively between the movable finger and
each stationary finger, and f = 0�65d0/h is the fringing
field correction factor with h being the beam height.48

The movable fingers are attached to the folded beams
via the rigid movable shuttle so their displacements are
equivalent. This displacement yields a change in capaci-
tance given by,

�C = C1 −C2 = N�A

(
1

d0 −�d
− 1

d0 +�d

)

≈ 2N�A

d2
0

�d (5)

where �d is the displacement of the load sensor. Note the
fringing effect factor cancels. For displacements �d with
50% of the initial gap d0, the capacitance changes approx-
imately linearly with the sensor displacement. This rela-
tively large range of linear sensing is a major advantage
of differential capacitance sensing over direct capacitance
sensing which uses a single fixed beam for each movable
beam.

A variety of circuit configurations may be used in mea-
suring capacitance.34�35 Figure 7 shows schematically the
charge sensing method used in the device described in this
paper. This method mitigates the effects of parasitic capac-
itances that generally occur in electrostatic MEMS devices.
Here the change in output voltage �Vsense is proportional
to the capacitance change,25

�Vsense =
V0

Cf

�C (6)

where V0 is the amplitude of an AC voltage signal applied
to the stationary fingers, and Cf the feedback capacitor as
shown in Figure 6.

6 Sensor Letters 6, 1–12, 2008
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Minimizing stray capacitance and electromagnetic inter-
ference is critical in high resolution capacitance measure-
ments. In this case, integrating the MEMS differential
capacitor and sensing electronics on a single chip would
minimize these effects, allowing detection of changes in
capacitance at the atto-Farad level.35 However this would
greatly increase fabrication complexity. The double chip
architecture depicted in Figure 7 is an alternative to the
single chip scheme. Here the MEMS-based system is
fabricated on one chip while a commercial integrated
circuit chip (for example, Universal Capacitive Readout
MS3110, Microsensors, Costa Mesa, CA) is used to mea-
sure changes in capacitance. Both chips are housed on a
single printed circuit board.

2.3. System Analysis

With the mechanical response of the thermal actuator
known for a given current input, it is now possible to for-
mulate a set of equations governing the behavior of the
entire device.24 A lumped model of the entire device is
constructed as shown in Figure 8. Here KS is the stiff-
ness of the tensile specimen, KLS is the stiffness of the
load sensor corresponding to the folding beams by which
it is suspended, KTA is the stiffness of the thermal actuator
computed before, and ULS is the displacement of the load
sensor. The central shuttle is assumed to be rigid.

The governing equations for the lumped system shown
in Figure 8 are given by:24

�US = UTA −ULS

UTA = 2m��TEAs−FTA

KTA

FTA = FS = FLS

FS = KS�US

FLS = KLSULS

(7)

where s= sin ! and �US is the elongation of the specimen,
E is the Young’s modulus, � is the coefficient of ther-
mal expansion of the beam material, and m is the pairs of
beams. Solving the system (Eq. (7)), the displacement of
the thermal actuator UTA, the tensile force on the specimen

Fig. 8. Lumped model of the entire tensile loading device with internal
forces and displacements shown in free body form.

FS, the elongation of the specimen �US, and the corre-
sponding displacement of the load sensor ULS are obtained,

UTA = 2m��TEAs

KTA +KTAKLS/KS +KLS�

+ 2m��TEAs

KTA +KS +KTAKS/KLS�

FS = 2m��TEAs

KTA/KS +1+KTA/KLS�

�US = 2m��TEAs

KTA +KS +KTAKS/KLS�

ULS = 2m��TEAs

KTA +KTAKLS/KS +KLS�

(8)

where A is the cross-sectional area. These represent the
critical parameters in obtaining force-displacement data
using the MEMS-based tensile loading device.

Taking into consideration the above analyses, the fol-
lowing design criteria are set to achieve an effective and
reliable material testing system:
(1) Large load sensor displacements to maximize load
resolution;
(2) Low temperature at the actuator-specimen interface to
avoid artificial heating of the specimen; and
(3) The testing system operates as a displacement control
i.e., the stiffness of the thermal actuator is significantly
higher than that of the specimen and load sensor.

The specimen stiffness, failure load and elongation at fail-
ure (�US) dictate the choice of actuator geometry and the
number and dimensions of the beams. Consequently opti-
mization of the device design requires some preliminary
knowledge of the specimen behavior as is customary in
experimental mechanics.

3. EXPERIMENTAL RESULTS

3.1. Device Calibration

To calibrate the relationship between the measured capac-
itance and corresponding displacement, an otherwise iden-
tical device with a solid connection between the actuator
and load sensor (i.e., no gap for specimen mounting)
was fabricated on the same chip. Real time high resolu-
tion images were employed to calibrate the capacitance
measurements25 within a field emission SEM (Leo Gemini
1525). The device was actuated with a series of stepwise
increasing voltages, applied sequentially in six ON–OFF
cycles. A high contrast feature on the movable shuttle
was selected for capturing images at high magnification
(×183 k). The device state during successive ON–OFF
actuation cycles was captured in a single SEM image, as
shown in Figure 9(a). Simultaneously, the output voltage
Vsense was recorded by a digital multimeter and converted
to capacitance change using (Eq. (6)). Figure 9(b) shows
the raw data of Vsense at an actuation voltage of 5.5 V.

Sensor Letters 6, 1–12, 2008 7
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(c)

Fig. 9. Calibration of the load sensor showing the relationship between capacitance change and measured displacement from SEM images at a series
of actuation voltage. (a and b) Signatures when actuator is at 2 V; reference feature in the SEM image showing a motion of 15 nm due to four ON–OFF
actuations (a), and plot corresponding to a 0.7 fF capacitance change resulting from the same actuation (b). Both raw data and fitted data are shown
in the plot of capacitance measurements. (c) Plot of displacement versus capacitance change resulting from the calibration.

The images were analyzed to identify displacements
with the following procedure: the line-by-line scanning
was transformed to an intensity matrix of 1024×768 pix-
els. To correlate the OFF to ON images, two polynomial
functions were used to fit the intensity distribution for the
last scanned line corresponding to OFF, f x�, and for the
first scanned line corresponding to ON, gx�, respectively.
These two functions were interpolated to a sub-pixel level
and the shift, u, was obtained by finding the best match
between functions f x� and gx+u�. The iterative process
was stopped when

∫
$
%gx+u�− f x�&2dx was smaller

than a prescribed tolerance. The domain $ was defined to
span the feature in the movable shuttle. Using the calibra-
tion factor of the SEM image at the corresponding scale,
we converted the shift u in pixels to displacement (nm).
Note that this image analysis has the advantage of elimi-
nating the influence of drift, which typically accumulates
with time, and provides sub-pixel resolution.

Figure 9(c) shows a series of experimental data correlat-
ing the displacements/loads and the capacitance changes
(in dots). The relationship between displacement and
capacitance change as predicted in Eq. (5) is plotted in
solid line.26 It is evident that the experimental data agree
with the prediction very well. The achievable resolution of
the measured capacitance change is 0.2 fF, and the corre-
sponding displacement resolution is 3 nm.

Another important step in the calibration procedure is
the accurate measurement of the load sensor stiffness. This
can be accomplished in one of two ways: (i) by resonating
the structure, a common procedure in MEMS research,25

or (ii) by identifying the Young’s modulus of the material,
E, and then using finite element analysis (FEA) with accu-
rate metrology to determine the structural stiffness. For the
parallel beams in the load sensor, the resonating voltage
is larger than the pull-in voltage so the second methodo-
logy was employed. Since the load sensor and actuator are
comprised of the same material, the accuracy of the load
sensor stiffness prediction was assessed by determining the
comb-drive actuator stiffness using the resonance method
and then comparing this result with the one calculated by
FEA. In the resonance method, the stiffness is calculated

by K = 2'fr�
2Ms+0�3714Mb),25 where fr is the resonant

frequency, Ms and Mb the masses of the shuttle and the
folded beams, respectively. For the comb-drive actuator, we
measured a resonant frequency of 17�2±0�1 kHz. The cor-
responding stiffness is 20.3 N/m, while the computed stiff-
ness based on the measured folded beam geometry, using
E = 170 GPa,17 was 20.7 N/m. This clearly shows that the
stiffness computed based on the fabricated geometry and
the known value of Young’s modulus is in good agreement
with that identified from the resonance experiment. Follow-
ing this procedure, the stiffness of the load sensor designed
for the testing CNTs was computed to be 11.8 N/m, which
corresponds to a load resolution of 35 nN.25 Likewise, the
stiffness of the load sensor designed for testing NWs was
48.5 N/m with a load resolution of 145 nN.

3.2. Tensile Tests of Polysilicon Thin Films

The size and fragile nature of nano-scale materials and
structures demands specialized techniques for preparation
and mounting on the MEMS device. Thin films may be
cofabricated with the MEMS device. This eliminates any
handling. For example, freestanding polysilicon films were
cofabricated with the MEMS device between the actuator
and the load sensor (Fig. 10(a)).23 Due to limitations in
the resolution of the photolithography used to make the
devices, the initial specimen width could not be made thin-
ner than approximately 2 �m. To reduce this dimension,
the polysilicon specimen was further machined by focused
ion beam (FIB) down to 350–450 nm.

Thin film specimens cofabricated with the MEMS
device were then tested in the SEM. The results of a tensile
test of a polysilicon specimen prepared as described above
are shown in Figure 10(b). Here the stress–strain curve
shows strong linearity with a Young’s modulus of 156±
17 GPa.24 This result is consistent with other reported val-
ues for polysilicon films.10�11�49

3.3. Tensile Tests of Nanowires

It is known that nanowires posses a relatively large surface
area-to-volume ratio. Consequently interfaces, interfacial
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Fig. 10. (a) A polysilicon thin film tensile specimen cofabricated with
the MEMS device and further thinned by FIB machining. (b) Stress–
strain data for a polisilicon thin film specimen. Reprinted with permission
from [24], Y. Zhu et al., J. Micromechanics Microengineering 16, 242
(2006). © 2006.

energy and surface topography play an increasingly impor-
tant role in their deformation and failure processes. In
larger structures, generation and propagation of defects
dictates material behavior. As grain sizes or structural
dimensions fall below 50 to 100 nm, surface and inter-
molecular mechanisms gain influence over material behav-
ior. Therefore understanding the mechanics of these new
materials and structures is essential. As an example, zinc
oxide (ZnO) nanowires are studied.

Individual nanowires and nanotubes may either be
grown across the gap between the actuator and load sensor
or placed by nanomanipulation.23 This procedure involves
use of a nanomanipulator operated within an SEM to pick
up and place an individual nanostructure across the gap,
followed by electron beam-induced deposition (EBID) of
platinum to weld the ends of the structure in place.

In situ SEM tensile tests of ZnO nanowires (obtained
from NanoLab Inc.) using the MEMS device allow us
to record the material stress–strain behavior and failure.
Figure 11(a) shows sequential SEM images of the in situ
SEM tensile testing. The nanowire specimen began to
deform at an actuation voltage of 0.8 V and failed at 8.5 V.
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Fig. 11. In situ SEM tensile testing of a ZnO nanowire. (a) Sequential
SEM images of a tensile loading process. The nanowire is 2.2 �m in
length and 90 nm in width. (b) The strain–stress data.

The strain–stress data, shown in Figure 11(b), reveals an
interesting point. The nanowire was stressed to 3.5 GPa,
value this significantly higher than the yield stress of bulk
ZnO,50�51 and remained elastic to a strain of about 10%.
The failure strain exceeded 12%, a very large strain for a
brittle material. This phenomenon, which is attributed to
the absence of defects and high stress threshold for the
nucleation of defects,16�52 confirms that the strength of the
material increases as the specimen characteristic dimen-
sion decreases. Ultimately, the strength is expected to
approach the theoretical strength of the material (approx-
imately 1/10 of its Young’s modulus).50 In this case, a
modulus of 30 GPa was measured. Hence, the measured
failure stress indeed reached the theoretical strength.

3.4. Tensile Test of Carbon Nanotubes and
the Effects of Irradiation

In situ SEM and TEM tensile tests of MWNTs using the
MEMS device allow insight into their failure mechanism.

Sensor Letters 6, 1–12, 2008 9
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Fig. 12. Sequential SEM images of a multi-walled carbon nanotube
subjected to tension. The nanotube is 2 �m in length and 42 nm in diam-
eter. Failure occurs at an actuation voltage of 6.2 V corresponding to a
load of 2177 nN and a stress of 48.5 GPa.

Figure 12 shows sequential images of the tensile loading
of a MWNT in situ a SEM. The specimen was mounted
in the MEMS device minimizing electron radiation. The
relevance of this feature will become apparent when the
results from in situ TEM are discussed next.

Fracture occurs in a typical “sword-in-sheath” fashion,12

with presumable the outermost shell breaking and subse-
quent inner concentric shells telescoping out. The two ends
of the outermost shell are clamped to the testing device
using EBID of platinum.23 Consequently, it is likely that
the outermost shell carries the load and breaks under ten-
sile loading as only van der Waals interactions between the
concentric inner shells are expected. Based on the assump-
tion that there is minimal load transfer between the outer-
most shell and subsequent inner shells, stress and strain are
often calculated using the measured outer diameter of the
MWNT and an assumed shell thickness of 0.34 nm (equal
to the interlayer distance of 0.34 nm),13�53 as opposed to
using the combined thickness of all the concentric shells.
The computed values are reported in Table I as test num-
ber 6. The measure load-displacement behavior is shown

Table I. Irradiation conditions and measured mechanical properties of six MWNTs. Shown are the case number, gauge
length, outer diameter, applied force at fracture, elongation, tensile strengtha and Young’s modulusa.

Ion Electron
Gauge length Outer radiation radiation Breaking �L +a

s Ea

Test # [�m] diameter [nm] dose [e cm−2] dose [e cm−2] force [�N] [nm] [Gpa] [Gpa]

1 6�69 191 1014 — 31�1 195�6 152�5 5�200
2 3�02 142 0�5×1014 — 20�4 101�2 134�5 4�000
3 2�85 169 — 4�5×1021 9�9 143�8 54�8 1�100
4 3�3 108 — 1�5×1021 4�3 97�5 37�3 1�300
5 3�82 96 — — 1�9 221�9 18�5 300
6 2�06 42 — — 2�2 96�8 48�5 1�000

aStress is computed under the assumption that only the outermost shell of the MWNT bears the load (i.e., the cross-sectional area is taken to
be that of the outermost shell alone).

in Figure 13. A Young modulus of 1 TPa was measured
under the assumption of outermost shell failure.

In contrast to tests of unmodified MWNTs, tensile
tests of MWNTs exposed to high-energy electron or ion
beam irradiation reveal that multiple shells or the entire
cross section break simultaneously, resulting in greater
stiffness.54 This observation suggests that the irradiation
introduces cross links between shells, resulting in load
transfer. A series of tests demonstrating this effect were
performed using the MEMS device on MWNTs exposed
to varying degrees of ion or electron beam radiation, as
well as on unexposed MWNTs as a control.26 These tests
are reported in Figure 13 and Table I. Here it is important
to note that the irradiation energy of the electron beam
used for SEM imaging during mounting of the MWNTs on
the MEMS device is well below the threshold for atomic
structure modification and thus is assumed to have negligi-
ble effects relative to the high-energy electron (TEM) and
ion beam exposure (FIB).

MWNTs exposed to ion irradiation demonstrated sig-
nificantly greater stiffness than those that were not. In
Test 1 (see Table I), the MWNT was irradiated with Ga+
ions at a flux of 1013 e cm−2 s−1 for 10 seconds using a
30 kV accelerating voltage. An in-situ TEM tensile test
was then performed using the MEMS device. The corre-
sponding inset of Figure 13 shows clearly that the entire
cross section breaks as opposed to the typical telescoping,
“sword-in-sheath” mechanism. Thus stress and modulus
values reported in Table I, which were computed assum-
ing only the outermost shell to be load bearing, appear
meaningless in this case. In fact, ion irradiated specimens
exhibit values of Young’s modulus of 5,200 and 4,000 GPa
which are significantly higher than those reported else-
where in the literature.12�13�53 For example, Ding et al.
report moduli ranging from 620 to 1,200 GPa based on the
assumption that only the outermost shell is load bearing.
However, in situ SEM does not provide evidence that only
the outer wall breaks.

MWNTs exposed to electron beam irradiation also
showed greater stiffness than the unexposed sample,
although to a lesser degree. In Test 4 (see Table I), the
MWNT was exposed to electron beam radiation with a flux

10 Sensor Letters 6, 1–12, 2008



R
E
S
E
A
R
C
H
A
R
T
IC
L
E

Peng et al. A Microelectromechanical System for Nano-Scale Testing of One Dimensional Nanostructures

Fig. 13. Force-displacement data measured for multi-walled carbon
nanotubes exposed to varying degrees and types of radiation. Correspond-
ing irradiation conditions and test parameters are summarized in Table I.

of 1�5×1019 e cm−2 s−1 for 100 seconds within the TEM
at an acceleration voltage of 200 kV. In this case, the fail-
ure was telescopic in nature as shown in the corresponding
inset of Figure 13. However, high-resolution TEM images
show that more than one shell broke rather than only the
outermost shell. Thus again, the reported values of stress
and strain do not accurately represent the true parameters
of the material.

Tensile tests of MWNTs exposed to high-energy elec-
tron or ion beam irradiation reveal changes in the mode
of failure,26 suggesting that the irradiation introduces cross
links between shells. Other reports provide corroborating
evidence through experiments and first principle calcu-
lations. Above a certain energy threshold, electron and
ion beams can produce vacancies in the nanotube shells
and corresponding interstitials in the inter-shell spacing.26

Moreover molecular dynamics simulations revealed that
these interstitial atoms can form stable and covalent bonds
between shells.56 These simulations further demonstrated
that the development of covalent bonds under moder-
ate beam irradiation can increase the failure strength of
MWNTs while excessive irradiation degrades the mech-
anical properties due to structural damage (cluster of
vacancies) and/or amorphization.55�56 The experimental
observations reported here agree strongly with the predic-
tions of these simulations.

These findings suggest that both electron and ion irradia-
tion could be used to enhance the mechanical properties of
MWNTs. Moreover and in light of the observed changes in
failure mechanisms, conclusions based on stress and strain
data computed under the assumption that only the outer-
most shell bears the load should be drawn with caution. The
observations reported here suggest there is some degree
of load sharing between shells. For this reason, the data
reported here focus on the stiffness of the nanostructures
which were measured directly. With advances in TEM
image acquisition, the MEMS-based testing technique
reported here should allow direct imaging of the evolution

of the failure and determination of the number of shells
failing simultaneously.

4. SUMMARY

Mechanical characterization of nanometer-scale materials
and structures presents a unique set of challenges. The
excellent force and displacement resolution of MEMS
make them ideal systems to meet these challenges. This
letter presented the modeling and analysis involved in the
design of a MEMS-based material testing system allow-
ing simultaneous load-displacement measurement com-
bined with real-time high resolution SEM or TEM imaging
of the specimen. This system uses a thermal actuator to
apply a tensile load and a differential capacitance dis-
placement sensor of known stiffness to electronically mea-
sure the applied load. An analytical model of the thermal
actuator involved an electrothermal analysis, to determine
the temperature distribution in the actuator, followed by
a thermomechanical analysis to determine the resulting
displacement. A coupled-field finite element analysis was
employed to verify the analytical model and obtain fur-
ther insight on the field variables. The differential capac-
itive load sensor was analyzed to determine the output
voltage for a given displacement. A set of design cri-
teria was established based on the analyses as guide-
lines for the design of similar devices. Finally examples
of application of the MEMS-based material testing sys-
tem to cofabricated polysilicon thin films, ZnO nanowires,
and multi-walled carbon nanotubes were presented. The
tests performed on ZnO nanowires demonstrated increased
strength approaching the material theoretical strength. Ten-
sile tests of multi-walled carbon nanotubes exposed to
varying degrees of electron and ion beam irradiation
showed differences in failure mechanisms and an increase
in stiffness with the level of irradiation. This is attributed
to the formation of cross links between shells.
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