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of nanomechanical properties of micro/nanostructures
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A characterization device was developed for nanomechanical testing on one-dimensional micro/
nanostructures. The tool consists of a nanomanipulator, a three-plate capacitive transducer, and
associated probes, and is operated inside a scanning electron microscope. The transducer
independently measures force and displacement with micronewton and nanometer sale resolutions,
respectively. Tensile testing of a polyaniline microfiber (diameter ~1 wm) demonstrated the
capabilities of the system. Engineering stress versus strain curves exhibited two distinct regions with
different Young’s moduli. Failure at the probe-sample weld occurred at ~67 MPa, suggesting that
polyaniline microfibers exhibit a yield stress that is higher than most comparable bulk polymers.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2271576]

Though several inventive experimental techniques have
been recently proposed and implemented to obtain the nano-
mechanical behavior of one-dimensional nanostructures,
complexities such as nanostructure positioning, alignment,
attachment to probes/grips, and achieving superior force and
displacement resolutions have complicated these character-
ization efforts. Early attempts in nanomechanical character-
ization were essentially indirect methods and involved the
study of vibrations/oscillations in nanostructures, induced by
thermal vibrations' and/or by application of an electric field,?
within a transmission electron microscope (TEM). Atomic
force microscopy (AFM) and other scanning probe micros-
copy methods have also been utilized to conduct nanome-
chanical testing;3 these techniques were further advanced by
Yu et al.* to develop a piezoactuated nanomanipulator with
AFM probe tips inside a scanning electron microscopy
(SEM) chamber. More recently, Zhu et al.’ and Haque and
Saif have developed micro-electro-mechanical sensor-based
testing devices for in situ mechanical testing of nanostruc-
tures within a SEM or TEM.

This letter reports on the development of a nanome-
chanical test and characterization device for one-dimensional
nanostructures which in contrast to some of the previously
developed methods, circumvents many of the complexities
often present with nanoscale characterization while achiev-
ing reliable and accurate results. The device features inde-
pendent measurement of both force and displacement
histories in the test sample with micronewton force and na-
nometer displacement resolutions. Moreover, the tool is well
suited for in situ testing within a SEM, which permits con-
tinuous high-resolution imaging during nanomechanical
straining. As schematically shown in Fig. 1, the device com-
prises of two main parts: (a) a three-plate capacitive trans-
ducer (Hysitron, Inc.) that doubles both as an actuator and a
force sensor; and (b) a nanomanipulator (Kleindieck MM3A)
that facilitates transportation and positioning of the nanos-
cale structures with nanoprecision. The capacitive transducer
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is commercially available and is more commonly used in
nanoindentation and surface scratching studies in conjunc-
tion with a Veeco Dimension 3100 AFM (i.e., the Hysitron
Triboscope). However, in the present study it has been alter-
natively contrived to characterize the nanomechanical tensile
behavior in individual nanostructures. To conduct the experi-
ments the two ends of the nanowire specimen are individu-
ally attached to probe tips on the nanomanipulator and the
transducer, using nanopositioning and ion-beam induced
deposition (IBID). The process involves precision metering
of predetermined organometallic gas precursors into the
SEM chamber (FEI XT Nova nanoLab 200) via a micro-
delivery gas-injection system (FEI FP 3400/30), where a
high intensity electron or ion beam is used to form relatively
high strength deposits at its focal point. The electron-beam is
typically used for smaller diameter (<1 wm ) specimens; the
ion-beam has been found to be more effective in micro-
welding the larger diameter fiber specimens. The capabilities
of the testing device are illustrated by presenting results
of nanomechanical characterization of ~1 um diameter
polyaniline fibers synthesized by using an electro-
spinning process.7

Figure 1 illustrates the nanomanipulator and the three-
plate capacitive transducer mounted onto the x-y-z stage of

|
| z-axis
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FIG. 1. (Color online) Schematic of the nanomechanical characterization
device showing the magnified view of the sample between two probes and
the available degrees of freedom.

© 2006 American Institute of Physics
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the SEM. The nanomanipulator has three degrees of free-
dom: linear motion with a resolution of 1 nm in the direction
along the axis of the probe (x-axis), and rotational motion
about the y and z axes. A commercially available platinum
iridium probe (Micromanipulator Company, Inc., 7X), with a
tip radius of 100 nm, was employed at the end of the na-
nomanipulator. A custom made actuator probe made of a
commercially available aluminum alloy and having a tip ra-
dius of 250 um is screwed directly on to the force trans-
ducer; the probe tip has two degrees of freedom—one along
the x axis (specimen loading direction) and the other in the z
axis, which is also the vertical axis of the actuator probe. The
transducer works on the principle of differential capacitance
and serves as a combined actuator and sensor unit. As per the
manufacturer’s specification (and also in consideration of the
noise effects), in the z direction, the transducer can apply a
maximum force of 10 mN with a resolution of 100 nN and a
maximum displacement of 5 um with a resolution of
0.2 nm. In the x direction, accounting for the noise floor, the
maximum force the transducer can apply is limited to 2 mN
with a resolution of 10 N, while the maximum displace-
ment is limited to £7.5 wm with a resolution of 10 nm.

In the experiments described herein, in order to conduct
the nanomechanical tensile experiments on individual fibers,
polyaniline microfibers were initially isolated from the non-
woven electrospun mat by employing the Kleindiek nanoma-
nipulator within the SEM. Scanning electron microscopy re-
vealed the mean diameter of these isolated polyaniline fibers
to vary between 1 and 1.2 um. Next, one end of the fiber
sample was welded to the nanomanipulator probe tip by de-
positing platinum using the IBID process. The microfiber
specimen was then pulled from the substrate and cut to a
length of ~199 um using the ion beam. The isolated polya-
niline microfiber was then transported to the actuator probe,
where it was first aligned parallel to the loading axis and then
welded onto the actuator probe tip using the IBID process.
The specimen was then manipulated to remove any slack.

For the experiment to proceed, the nanomanipulator was
held stationary while the transducer was programed to be
stretched to a maximum displacement of 5 um at a rate of
0.5 um/s. After a dwell time of 10 s, the microfiber was
then unloaded to its original position. During the loading and
unloading processes, the force was sensed by the three-plate
capacitive transducer. While every effort was taken to visu-
ally align the nanofiber axially, any misalignment results in a
forces in both the lateral and axial directions. Nonetheless,
since the transducer provides simultaneous force and dis-
placement measurements in both the lateral and the axial
directions, elementary geometry was employed to determine
the axially resolved force and displacement history. Using
these force and displacement histories along with the knowl-
edge of the initial diameter of the microfiber, engineering
stress versus engineering strain curves were obtained.

Figure 2 illustrates the behavior for the ~1 wm diameter
polyaniline fiber that was displaced 2 wm, held for 10 s, and
then unloaded to its initial position (Test 1). The open circles
denote the loading segment, while the filled triangles and the
open squares reprsent the holding and the unloading seg-
ments. It is to be noted that that the loading and unloading
paths in the engineering stress and strain space for the elec-
trospun polyaniline fibbers are not coincident. Additionally,
there is a fairly gradual slope associated with the early load-
ing segment of the stress-strain curve when compared to at
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FIG. 2. A high resolution SEM picture of the polyaniline microfiber speci-
men microwelded to the probe tips of the nanotensilometer prior to the
tensile test.

larger levels of strain, indicating the stiffness of the polya-
niline microfibers is much lower at small levels of strain, but
increases quickly as higher levels of axial strain are intro-
duced. This unusual material response may be indicative of
the stress and strain states in polyaniline that are associated
with the stretching and reorientation of the secondary (weak
van der Waals) bonds between the polymer chains during the
very early part of the deformation, followed by a continuous
increase in stiffness that is representative of the load carried
by a more aligned molecular chain structure. This varying
stiffness behavior is also observed during the unloading seg-
ment of the stress-strain curve when the stress falls quickly
with strain (up to ~0.006), and then the decrease becomes
more gradual. Such molecular realignment processes are un-
doubtedly also present during deformation of bulk polymer
specimens; however, to the best our knowledge, no existing
measurements of force and displacement on bulk polymer
systems have made with the same resolution and accuracy as
the current measurements, and thus have not been reported in
the literature. Moreover, it is interesting to note that this
varying stiffness behavior is also observed during the un-
loading segment of the stress-strain curve. The Young’s
moduli, associated with the loading and the unloading seg-
ments in the low strain regime (with strains less than
~0.006) are estimated to be 0.38 GPa and 0.45 GPa, respec-
tively. The Young’s moduli at the larger strains (i.e., >
~0.006) are difficult to estimate from the data in Fig. 3, and
are obtained from Test 2, described next.

A second tensile test (Test 2) was then conducted on the
same specimen, but the transducer was actuated to its maxi-
mum displacement of 5 um at a rate of 0.5 um/s. The re-
sulting engineering stress versus strain curve is shown in Fig.
4, as indicated by the filled squares. The results from the
previous experiment (Test 1) are also shown on the graph for
comparison and can be more clearly seen in the inset. The
most striking feature of the experimental results is that the
stress-strain behavior of the polyaniline microfiber is ob-
tained up to strains of 0.022, after which a sharp fall in stress
is observed. This precipitous drop in stress is understood to
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FIG. 3. Engineering stress-strain curve for an ~1 um diameter polyaniline
microfiber (Test 1) showing the load (open circles), hold (filled triangles),
and the unload (open squares) segments; the initial specimen length was
~200 pm, the applied displacement rate was 0.5 um/s, and the maximum
displacement was 2 um. The hold time was 10 s.

correspond to failure of the specimen near the fiber-probe
weld junction at the actuator probe end. This premature fail-
ure is in part due to the IBID process that was used for
nanowelding, which perhaps led to degradation of the me-
chanical strength of the polyaniline fiber near the weld, and
partly due to the misalignment of the sample with the load-
ing axis, which is expected to induce additional multiaxial
deformation modes (bending and torsion) in the sample, es-
pecially near the clamp. Nevertheless, the experiment indi-
cates that the strength of polyaniline microfibers is at least
~67 MPa, which is much larger than the yield strength re-
ported for most polymeric materials in their bulk state under
quasistatic deformation conditions. Moreover, the stress ver-
sus strain curve in Fig. 3 depicts two distinct regions, which
were also observed in Fig. 2; these regions likely correspond
to the initial stretching and/or reorientation of the polymer
chains followed by loading of the more aligned structure.
The slope of the stress-strain curve in the latter strain regime
(strain ~0.006—0.02) is estimated to be 5.9 GPa. Additional
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FIG. 4. Engineering stress and strain for Test 1 (open circles) and Test 2
(filled squares); the latter experiment involved loading the sample to 5 um;
failure at the probe-sample weld occurred prior to reaching this maximum
displacement; the inset magnifies the data up to 12 MPa.

in situ testing of micron and nanosized polyaniline fibers is
currently being pursued and will be reported in future
publications.
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