APPLIED PHYSICS LETTERS 86, 013506 (2005)

A microelectromechanical load sensor for in situ electron and x-ray
microscopy tensile testing of nanostructures
Yong Zhu, N. Moldovan, and Horacio D. Espinosaa)
Department of Mechanical Engineering, Northwestern University, 2145 Sheridan Road, Evanston,
Illinois 60208

(Received 4 August 2004; accepted 3 November 2004; published online 28 December 2004)
We report on the performance of a microelectromechanical system (MEMS) designed for the in situ
electron and x-ray microscopy tensile testing of nanostructures, e.g., carbon nanotubes and
nanowires. The device consists of an actuator and a load sensor with a gap in between, across which
nanostructures can be placed, nanowelded, and mechanically tested. The load sensor is based on
differential capacitance measurements, from which its displacement history is recorded. By
determining the sensor stiffness, the load history during the testing is obtained. We calibrated the
device and examined its resolution in the context of various applications of interest. The device is
the first true MEMS in which the load is electronically measured. It is designed to be placed in
scanning and transmission electron microscopes and on x-ray synchrotron stages. © 2005 American
Institute of Physics. [DOI: 10.1063/1.1844594]
Advances in nanotechnology require the development of
experimental techniques capable of measuring mechanical
properties of nanostructures, such as carbon nanotubes
(CNTs), nanowires (NWs), and ultrathin films. While challenging, a variety of experimental techniques dedicated to
this purpose have been developed in the past decade including resonance test,1,2 bending test,3,4 and tensile test.5–8
Tensile testing is the most widely used technique in
macro- and microscale material characterization. In the testing of nanostructures, measuring load—displacement signatures is a major challenge. Though ingenious experiments
have been carried out,5,7 a major limitation to date is that
both deformation and load are deduced from the microscopic
imaging of the specimen and testing apparatus. The limitation arises from the fact that both specimen deformation and
load sensor displacement need to be imaged. When high
magnifications are employed or in x-ray setups, these two
measurements cannot be made simultaneously. In the case of
electron microscopy a shift of the beam between specimen
and load sensor is required.
Here we report a microelectromechanical system
(MEMS) designed for the tensile testing of nanostructures
using an alternative approach, which is to measure the load
electronically. This scheme leaves open the possibility of
continuous observation of the specimen deformation and
failure at high magnification, while independently measuring
the applied load. Due to its small size, the MEMS is well
suited for in situ testing of NWs, CNTs and electron transparent films inside scanning electron microscope (SEM),
transmission electron microscope (TEM), and on x-ray synchrotron stages.
The device consists of three parts: actuator, load sensor,
and a gap for placement of nanostructures, as shown in Figs.
1(a) and 1(b). The devices were fabricated at MEMSCAP
(Durham, NC) using the Multi User MEMS Process
(MUMPs). Two types of actuators, a thermal actuator9 and
an electrostatic (comb drive) actuator10 were designed. Due
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to the large stiffness of the thermal actuator, it works in a
displacement-controlled fashion. By contrast, the comb drive
actuator is force controlled. The thermal actuator has the
capability of testing stiffer structures, e.g., nanoscale thin
films and large diameter NWs, while the comb drive actuator
is suited for relatively compliant structures, e.g., CNTs and
small diameter NWs.
The load sensor incorporated in the testing apparatus is
based on differential capacitive sensing.11–13 The sensor displacement is determined by the measured capacitance
change. Its stiffness is optimized to achieve maximum displacement at the specimen failure load. By knowing the sensor stiffness from mechanical resonance experiments,10 the
load (force)—capacitance change relationship can be obtained. The key of the load sensor is to measure displacement
in terms of capacitance change with high resolution.
The differential capacitive sensor consists of a rigid
shuttle with one set of movable electrodes (beams) and two
sets of stationary electrodes (beams). Each movable beam is
initially equally spaced between two stationary beams. The

FIG. 1. (a) In situ tensile testing device including thermal actuator, load
sensor, and specimen; (b) device including comb drive actuator, load sensor,
and specimen; (c) circuit model for the load sensor; (d) schematic of the
double chip scheme (device chip and sensing IC chip) used to measure the
capacitance change.
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FIG. 2. SEM images at (a) 1 V, (b) 2.5 V, (c) 4 V, and (d) 5.5 V actuation
voltages. During the image scanning, the device actuation was turned ON
and OFF for 6 times. The scale bar is the same for all images.

entire capacitance sensor is equivalent to two capacitors with
capacitances of C1 and C2, as shown in Fig. 1(c), namely,
C1 = C2 = C0 = N

A
共1 + f兲,
d0

共1兲

where  is the electric permittivity, N the number of units of
differential capacitors, A and d0 the overlap area and initial
gap between the movable beam and each stationary beam,
respectively. f = 0.65 d0 / h is the fringing field correction factor, where h is the beam height.14
Displacement of the movable beams is equal to the deflection of the folded beams in the transverse direction. The
displacement results in a capacitance changes ⌬C given by
⌬C = C1 − C2 = NA
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where ⌬d is the displacement of the load sensor. The fringing
effect factor is cancelled out. When ⌬d is within 50% of the
initial gap, the capacitance change is approximately linearly
proportional to the sensor displacement. This large linear
range is one of the advantages of differential capacitance
sensing over direct capacitance sensing.
There are a number of methods to measure changes in
capacitance. Figure 1(d) shows the schematic of the charge
sensing method. This method can effectively mitigate the
effect of parasitic capacitances, which generally exist in electrostatic MEMS devices. Two complementary high-

FIG. 4. (a) Displacements of the load sensor obtained from image analysis
at different actuation voltages; (b) capacitance change at different actuation
voltages; (c) calibration of both displacement and load as a function of
measured capacitance change of the load sensor for testing CNTs (stiffness
is 11.8 N / m). The fitting straight line is for the load.

frequency alternate current (ac) signals are applied to each
set of the stationary beams of the load sensor, and the sensing output is an ac signal which measures the capacitance
change ⌬C. This output is amplified, synchronously demodulated, and low-pass filtered to give a direct current (dc) output signal.15 In brief, change of the dc voltage Vsense is proportional to the capacitance change;
⌬Vsense =

V0
⌬C,
Cf

共3兲

where ⌬Vsense is the change of output voltage, V0 the amplitude of ac voltage applied to the stationary beams, and C f the
feedback capacitor.15
A commercial integrated circuit (IC) based on the principle discussed above (Universal Capacitive Readout
MS3110, Microsensors, Inc.) was used in the measurement.
The MEMS device chip was positioned very close to the
sensing IC chip (MS3110) in order to minimize the stray
capacitance and electromagnetic interference. This was accomplished by placing both chips on a custom-made printed
circuit board with grounded shields on both sides.

FIG. 3. Recorded raw data of output voltage Vsense at (a) 1 V, (b) 2.5 V, (c)
4 V, and (d) 5.5 V actuation voltages. Horizontal axis is time and vertical
axis is output voltage Vsense.
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FIG. 5. Gold NW was positioned across the gap between the actuator and
the load sensor. Specimen ends were fixed by electron beam induced deposition (EBID) (Refs. 5 and 6) of platinum.

In order to calibrate the displacement obtained by capacitance measurement, an otherwise identical device without gap was fabricated on the same chip. Real time high
resolution images were employed to calibrate the capacitance
measurements.16 The calibration process was done inside a
field emission SEM (Leo Gemini 1525). The device was actuated at 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 共⫻183k兲. The device corresponding to
the ON–OFF actuation cycles was captured in one SEM image, as shown in Fig. 2. Simultaneously, the output voltage
Vsense was recorded by a digital multimeter and converted to
capacitance change using Eq. (3). Figure 3 shows the raw
data of Vsense at several actuation voltages (1, 2.5, 4, and 5.5
V).
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 pixels. To
correlate the OFF–ON images, two polynomial functions
were used to fit the intensity distribution for the last scanned
line corresponding to OFF, f共x兲, and for the first scanned line
corresponding to ON, g共x兲, respectively. These two functions
were interpolated to subpixel level and the shift, u, was obtained by finding the best match between functions f共x兲 and
g共x + u兲. The iterative process was stopped when 兰⍀关g共x
+ u兲 − f共x兲兴2dx was smaller than a prescribed tolerance. The
domain ⍀ was defined to span the feature in the movable
shuttle. Using the calibration 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 eliminating the influence of drift, which typically
accumulates with time, and results in sub-pixel resolution.
Figure 4(a) shows the displacement of the load sensor as
a function of actuation voltage. Figure 4(b) shows the measured capacitance change as a function of actuation voltage.
C f was selected so that 1 mV change of Vsense corresponded
to 1 fF change of capacitance. Figure 4(c) correlates the
displacement/load and the capacitance change. It follows a
linear relationship, which agrees with Eq. (2). The achievable resolution of the measured capacitance change is 0.2 fF,
and the corresponding 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,10 or
(ii) by identifying the Young’s modulus of the material, E,

and then using finite element analysis (FEA) with accurate
metrology. In view that for the parallel beams in the load
sensor the resonating voltage is larger than the pull-in voltage, the second methodology was employed. Its accuracy
was assessed by determining the comb-drive actuator stiffness using the resonance method and then by comparing this
result with the one calculated using FEA. In the resonance
method the stiffness is calculated from K = 共2 f r兲2共M s
+ 0.3714M b兲,10 where f r is the resonant frequency, M s and
M b the masses of the shuttle and the folded beams, respectively. For the comb-drive actuator shown in Fig. 1(b), we
measured a resonant frequency of 17.2± 0.1 kHz. The corresponding stiffness is 20.3 N / m, while the computed stiffness
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. Following 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.18 Likewise, the stiffness of the load sensor designed for testing NWs was
48.5 N / m with a load resolution of 145 nN.
Gold NWs and amorphous CNTs have been mounted on
the device across the gap using a nanomanipulator from
Klocke Nanotechnik, see Fig. 5. In situ testing of nanostructures is being pursued and will be reported in future publications.
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