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Abstract

A review on the mechanical characterization of materials at small length scale is presented. The focus is on the different micro- and
nanoscale testing techniques, the variety of materials investigated by the scientific and industrial communities and the mechanical quanti-

ties identified by such methodologies.
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1. Introduction

The interest on materials behavior at small length scales has
gained considerable attention in the last two decades, as a
consequence of the increasing application, production, and
commercialization of various kinds of micro- and nano- elec-
tro-mechanical systems (MEMS/NEMS). Due to their small
size, short time response, high performance and low energy
requirements, these devices are currently used in a variety of
industrial, consumer and biomedical applications [1-4]. Such
success has stimulated a further improvement of their design,
in order to produce even more reliable and competitive com-
ponents.

The materials used by the MEMS and NEMS industries are
not only the typical silicon-based materials of microelectron-
ics, but also metals, alloys and polymers (e.g., polyamide).
Furthermore, different kinds of nanostructured materials are
being increasingly used.

A knowledge of the mechanical properties of such materials
is essential for designing, fabricating and predicting the reli-
ability of microdevices. In addition, with the further spread of
MEMS and NEMS, tighter design constraints enforced by the
economic competition will necessitate the development of
new materials and innovative fabrication processes. As a con-
sequence, reliable and repeatable evaluation of the mechanical
properties of both currently used and emerging materials is
needed. In this context, standardized methodologies for char-
acterization should be defined.
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Unfortunately, the standard well-assessed techniques for
mechanical characterization at the macro-scale cannot be
transferred to the micro- or nano-scale, since the machinery
and equipment they involve are not suitable for manipulating
components with submillimeter size. In addition, it has been
shown that the mechanical properties of materials at smaller
length scales cannot generally be derived from bulk properties
determined by ordinary macro-scale methods [5, 6]; the fact
that material properties change with specimen size has been
well known for several years [7, 8]. As a consequence, testing
materials at small length scales involves very small specimens
and miniaturized testing structures. Such testing structures
should be equipped with high resolution measurement systems
for accurately measuring loads and displacements. To match
such requirements, new and appropriate techniques and
equipment have been developed.

Very few studies on mechanical characterization of micro-
and nano-components were published before the 1980s, but
since the advent of MEMS, the number has dramatically in-
creased.

The histogram reported in Fig. 1 shows the trend of scien-
tific articles on the mechanical characterization of materials at
micro and nanoscales published since the 1920s. Filled bars
are related to the global production of manuscripts including
work dealing with both the micro and nano length scales',
while empty bars represent the production related to the nano-
scale only. Studies regarding nanometer length scales are in-
creasing, but not as rapidly as those regarding micrometer

' Here, by microscale tests the authors refer to those carried out on

samples with characteristic length on the order of micrometers. Simi-
larly, by nanoscale tests the authors refer to those carried out on sam-
ples with characteristic length on the order of nanometers.
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Fig. 1. The trend of the production of scientific articles about the me-
chanical characterization of materials at micro and nanoscales since the
1920s: in gray the global production; in white the production related to
nanometric length scale.

length scales, which reflects the fact that while MEMS are
commercially available, NEMS are not yet.

Several testing methods for material samples with charac-
teristic size ranging from few nanometers to several hundred
micrometers, have been proposed, developed, and employed
for determining mechanical properties such as Young’s
modulus, Poisson’s ratio, yield strength, fracture strength,
hardness, and endurance limit.

In this review we summarize, classify and compare all of
these techniques. We establish what are the most used, why
they are so popular, and what is the actual vogue. Furthermore,
we identify the most investigated materials and how the inter-
est in them has changed with time.

2. Mechanical testing at the micro- and nano-scales

Material mechanical properties are fundamental input pa-
rameters for structural design of micro- or nano-devices. The
accuracy of numerical modeling and simulation results de-
pends on the accuracy of the material properties provided as
input. For this reason, during the last decades many suitable
techniques have been developed to improve the measurement
accuracy and/or to increase the number of the determinable
mechanical quantities. We present a classification of these
techniques in Fig. 2.

A requirement for carrying out accurate mechanical charac-
terization at the micro/nanoscale is the requirement of high-
resolution systems for displacement and force measurements.
For testing micro and nanostructures, many microscopy tech-
niques such as scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM) and atomic force micros-
copy (AFM), have been widely utilized. In fact, these instru-
ments provide useful ways of measuring dimensions and de-
formation with nanometer resolution. Regarding force meas-
urements, custom-made transducers are often designed, even
if commercial load cells are also available.

Many of the testing systems proposed in the literature have
been assembled by the researchers who designed them. Some
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Fig. 2. Classification of the test methods for mechanical characteriza-
tion of materials at micro- and nanoscales.

of those have also been patented in the last ten years [15].
However, some companies, like DTS (Menlo Park, CA) and
Zwick (Ulm, Germany) have also released to the market com-
plete stages to perform tensile tests on micro/nanosamples [16,
17].

In the following sections, quasi-static tests and dynamic
tests are discussed in more detail.

3. Quasi-static tests

3.1 Tension tests

The goal of micro/nanoscale tension tests is to obtain elastic
and plastic mechanical data by fixing a specimen at one end
and applying increasing tensile load at the other end.

Uniaxial tension tests have the advantage of applying uni-
form stress and strain fields to the specimen. Such a feature
makes it easy to employ and is the reason why it is so widely
used to determine mechanical properties at larger scale. How-
ever, performing tension tests at micro/nanoscale is challeng-
ing because of the difficulties in preparing free-standing and
stress-free specimens. Furthermore, the requirements for sam-
ple alignment, deflection and load measurements are stringent,
and in the case of brittle materials, fracture induced by speci-
men gripping may be an additional problem.

Various arrangements have been used in tensile testing of
micro/nano-specimens differing in the fabrication and grip-
ping of specimens, systems for force and displacement meas-
urements, and aligning procedures. For example, specimens in
frame [18], fixed at one end [19], separated [20] and co-
fabricated with the loading and measuring systems [21] have
been used. Gripping of specimens has involved frictional [22]
and electrostatic attraction forces [23], glues [24], tapes [25]
and connecting ring [26].

With respect to force measurements, commercial loading
cells can be chosen, but, usually, commercial transducers can-
not achieve nano-Newton resolution. Therefore, researchers
very often employ home-made force transducers such as canti-
levers [27], microfabricated frames [28], flexural spring [21]
and strain gauges [29].
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Accurate measurements of the extension or the strain can be
carried out using: commercial capacitance-based displacement
transducers, measurements of shifting in interference pattern
[18], diffracted spots [30], digital image correlation method
[31, 32], optical encoders [29], Moiré method [33, 34], elec-
tron pattern speckle interferometry [35], or microvernier gages
[36]. Tensile tests are usually performed under displacement
control, which can be provided by different actuators, like
piezoelectric [37], inchworm [38, 39] and thermal actuators
[40].

In tensile tests an important aspect is the correct specimen
alignment along the loading direction. A slight misalignment
may result in an undesired bending action, which could cause
a non-uniform stress distribution, affecting the effectiveness of
the test [41]. The alignment requirement can be accomplished
by visual inspection using optical microscopes and precision
positioning stages [42] or high-resolution microscopes in con-
junction with nanomanipulation tools [43].

In order to circumvent the aforementioned problems, sev-
eral researchers [44, 45] developed “on-chip” test devices,
which are MEMS-based actuating/sensing systems. In the first
generation, the samples were co-fabricated during the micro-
fabrication process together with all the mechanical parts
needed for loading the specimen and for measuring displace-
ments and strains. However, those testing devices could not be
used to perform more than one test. Furthermore, they were
not suitable to test all kind of materials, but only those that
could be deposited according to microfabrication limits.
Therefore, they could not be used to test 1D nanostructures,
like nanowires and nanotubes. For this reason, the most recent
on-chip testing devices are designed to test samples, that can
be separately fabricated and then placed on the loading frame.
However, for such tests it is challenging to provide correct
alignment of the specimen.

On-chip testing devices include on the same MEMS plat-
form actuating mechanisms (e.g., thermal actuator [46, 47]
and electrostatic comb drives [48]) integrated with sensing
capabilities (e.g., capacitive sensing). Such devices are proba-
bly the most powerful for studying deformation mechanisms
by real-time imaging of defect nucleation and propagation,
and they have been used for in situ mechanical testing of
nanostructures within a SEM or a TEM [28, 49] leading to
very successful results, sometimes on truly nanoscale speci-
mens. Another advantage of on-chip testing methods is the
availability of standard microfabrication techniques to fabri-
cate them. Furthermore, since they are electro-mechanical
systems, they could also allow performance of coupled elec-
tro-mechanical tests [50]. On the other hand, they require so-
phisticated design and calibration analyses. In addition, some-
times the forces developed by on-chip actuators are insuffi-
cient to break the specimens in quasi-static condition. It is
worth mentioning an interesting attempt made by some re-
searchers to simplify their testing device by proposing a test
fixture without the loading actuator [51]. In fact, the load on
the specimen is applied by exploiting the internal stress affect-
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Fig. 3. Compression test.

ing one material beam.

Another limitation of the on-chip testing systems regards
the load sensors. In spite of what happens at macroscale,
load sensors used in MEMS-based tests have very low stiff-
ness, in order to guarantee high load resolution [50]. How-
ever, this can cause instability phenomena when the stress
in the sample has drops, which could result from phase
transformation [52].

Finally, tensile tests were adopted for determining the size
of the representative volume element (RVE) of materials, e.g.,
polycrystalline silicon [53], or particulate composites [54].
From the design point of view, the knowledge of the REV size
can play a major role, since it defines the scale limit for which
MEMS/NEMS devices can be properly designed by using the
bulk material properties.

3.2 Compression tests

The compression test is mainly used to study plasticity and
to investigate mechanisms that are responsible for the higher
strength of materials at micro/nanoscales [55].

The first compression test at the microscale [56] was per-
formed on micro-pillars (Fig. 3). From a technical point of
view, such a test is simpler to implement than the tensile test,
because sample gripping is less complex.

Micron or sub-micron pillars (with small aspect ratio to
avoid buckling) can be fabricated by focused ion beam (FIB)
and loaded by a flat head nanoindenter [57, 58]. This test can
be performed up to very large strains in order to investigate
not only the first instants of plasticity but also the large strain
behaviour and strain hardening response. Recently, nanocom-
pression experiments have also been conducted in situ within
a transmission electron microscope (TEM) for real time imag-
ing of tests [59].

Based on numerical simulations, guidelines for the imple-
mentation of micro-compression experiments on various mate-
rials including isotropic materials (such as nano-structured ma-
terials and metallic glasses) have been suggested in Ref. [60].

3.3 Bending tests

Alternatively to tension tests, mechanical properties of ma-
terials at micro/nanoscales can be obtained from bending tests,
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which are sometimes preferred over tension tests, since they
require smaller forces and produce larger displacements. On
the other hand, they allow one to determine a smaller number
of parameters, including the elastic constants (Young’s
modulus and Poisson’s ratio), the residual stresses, and the
yield and fracture strengths. Such quantities are typically de-
termined by inverse procedures exploiting analytical models.

Often, the boundary conditions required to use these models
do not apply in real experiments because of fabrication limits
and, as a consequence, errors can be present in the solutions.

Different test configurations involving different loading fix-
tures, measurement equipment and specimen geometries, have
been proposed (Fig. 4). The most prominent are: axisymmetric
tests, microbeam tests, bulge tests, MDE tests, M-tests, and
wafer curvature tests, and recent on-chip bending tests, all
which will be described below.

3.3.1 Axisymmetric bend test

In this test, the circular specimen is placed on a hollow cy-
lindrical support and loaded at its center by a spherical in-
denter (Fig. 5).

The resulting axisymmetric biaxial stress field ruptures the
specimen on the opposite side of the load application point.
This allows for the evaluation of the fracture strength by using
a suitable formula relating the fracture stress at the center of
specimen to the applied load. Although this test has the advan-
tage of easy to fabricate specimens, some aspects limit its use:
the difficulties related to the precise positioning of the speci-
men; the uncertainties on the boundary conditions; and it pro-
vides information only about the fracture resistance.

In the past it was employed for analyzing freestanding thick
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Fig. 6. Microbeam tests.

silicon plates [61, 62].

3.3.2 Microbeam test

The specimen is a rectangular beam loaded with a concen-
trated bending force. It can be cantilevered or clamped at both
ends. In the first configuration, the load is applied at the free end
of the cantilever (Fig. 6(a)), while in the second configuration,
the load is applied at the middle of the beam span (Fig. 6(b)).

Such tests can be used for determining the Young’s modulus
or the fracture resistance of the material sample. In particular,
the Young’s modulus can be derived from analytical models
involving geometrical quantities, elastic properties, applied
loads, and displacements, after recording the beam deflection as
a function of the applied load. Loads can be applied by different
means: an AFM [63], a probe attached to a micro-force testing
machine [64, 65], or electrostatic actuation [66, 67].

One of the limits affecting this type of tests is related to the
inefficacy of the boundary conditions, since it is very difficult
to reproduce the ideal boundary conditions with rigid con-
straints in real testing configurations. Furthermore, the right
choice of the beam length also can be crucial (e.g., if the beam
is too long, the force required to bend it is small, and so the
device is difficult to calibrate, whereas if the beam is too short,
the required force is higher, but more complex analytical
models have to be used [68]). However, this test is very com-
mon since freestanding beams can be fabricated by ordinary
microfabrication methods.

3.3.3 Bulge test

This technique was introduced by Vlassax & Nix in 1992
[69]. The specimen is a free-standing membrane (circular,
square, or rectangular in shape), which is clamped around its
periphery to a supporting frame (Fig. 7).

Pressure is applied to one side of the membrane, for in-
stance by compressed air [70]. The resulting deflection at the
center is recorded as a function of the applied pressure (e.g.,
with a laser interferometer [70]).

With such a technique, it is possible to derive mechanical
properties of the material sample as the biaxial stress-strain
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curve and the yield strength, and to investigate plasticity size
effects [71].

The Young’s modulus, Poisson ratio, and residual stress
field can be extracted using continuum mechanics models.

The accuracy of the results can be affected by the
difficulties in reproducing the ideal boundary constraints,
which are compliant instead of infinitely stiff, and, more
generally, to the uncertainties related to the knowledge of the
geometrical entities. Furthermore, it can happen that during
the test the membrane separates from the substrate [68].

Nevertheless, because it is relatively easy to fabricate
membranes using ordinary micro fabrication tools, this
technique is commonly used.

3.3.4 M-test

The specimen is a microbeam, loaded by an electrostatic
force (Fig. 8) until the onset of instability phenomena (i.e.,
collapse).

The voltage causing such an instability (called the pull-in
voltage) is directly related to the elastic properties and the
residual stresses of the material sample. In particular, for ideal
geometries (i.e., neglecting residual strain and compliance of
the supports), some closed form expressions have been
reported [72]. However, these expressions can be
appropriately modified to take into account non-idealities
introduced by the fabrication process [73].

By this test both the Young’s modulus and the residual
stress field can be derived.

3.3.5 Wafer curvature test

The wafer curvature test is used to evaluate the residual
stress field inside constrained thin and thick structures, in par-
ticular, continuous films deposited on thick substrates [74].
This method relies on Stoney’s formula, which relates the
residual stress inside the film to the substrate-film curvature,
under the assumptions that the film is much thinner than the
underlying substrate and that small deflections occur [75]. So,
residual stresses can be computed by measuring the film
thickness, the substrate elastic properties (Young’s modulus
and Poisson ratio) and the substrate curvature before and after
deposition. However, it follows that effects of post-deposition
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processes on released structures cannot be considered. The

wafer curvature can be evaluated using a profilometer [76].
Analytical extensions of Stoney’s formula to discontinuous

film and multilayers are also available in the literature [76].

3.3.6 Membrane deflection experiment (MDE)

The MDE test was first reported in Ref. [77]. This test
consists of transversely loading a membrane fixed at both ends
and spanning a micromachined window beneath (Fig. 9). The
membrane has a double dog-bone shape such that bending
effects at the ends and where the load is applied do not control
failure (Fig. 9). The transverse loading results in in-plane
membrane tension of the microfabricated specimen.

The test uses the high load and displacement resolution of a
nanoindenter with a wedge diamond tip. The real-time
membrane deflection is recorded by a Mirau interferometer
and a CCD camera [78] or by the out-of-plane ESPI
(electronic speckle pattern interferometric) technique [79].
Hence, all the features of tensile methods apply to this test.

It has been used to measure fracture toughness in thin films
[80] and to identify properties of nanomaterials, such as
nanocrystalline diamond, amorphous diamond, and single
crystal SiC films [81, 82].

3.3.7 On-chip bending testing devices

Recently, a variety of bending based on-chip testing devices
with integrated specimen has been presented. In Ref. [68]
three different devices are described. The first two devices can
load thin polysilicon specimens up to rupture by bending in
the plane parallel or orthogonal to the substrate. Rotational
and parallel plate electrostatic actuators have been used,
respectively. The third device induces initiation and
propagation of a crack in thick polysilicon specimen by a large
number of comb-finger electrostatic actuators, which deform a
notched specimen through a lever system. With these devices
it is possible to determine the Young’s modulus and the
maximum stress at rupture of various materials.

3.4 Torsional test

A special setup for carrying out pure torsional tests on small
specimens was presented in Ref. [83]. Such a setup allows for
measurement of torque and rotation undergone by a specimen
with rectangular cross-section during the test. From these
experimental results, the shear moduli of isotropic or
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anisotropic materials were obtained by means of two different
inverse procedures, involving mixed analytical and numerical
techniques. To the authors’ knowledge this test has not been
extensively used due to challenges in its implementation.
Furthermore, torsional tests were also performed to investigate
plasticity size effects on microwires [84, 85].

In the literature, it is also possible to find an example of an
on-chip torsional test [44], which was performed to evaluate
the maximum shear stress of a single crystal silicon bar.
However, the proposed result is affected by high uncertainty,
due to the uncertainty on some calibration parameters.

3.5 Nanoindentation test

Instrumented micro- and nano-indentation techniques have
been developed between the 1970s and the 1980s [86-88], but
they have become very popular since 1992, when Oliver and
Pharr [89] introduced an improved analytical method to
correctly determine hardness and elastic modulus from
nanoindentation load-penetration depth curves. Thousands of
papers on this topic have been published and a number of
reviews devoted to nanoindentation are available in the
literature [90-93]. Such a method is widely used and, even if it
was initially developed for studying bulk materials, many
researchers have adapted it to investigate thin films. The
method requires some preliminary knowledge of the
specimen’s behavior, which must be assumed or identified
using inverse methods. In this regard, nanoindentation is much
less accurate than tension or compression tests in
characterizing material behavior. Its popularity is based on the
sample preparation simplicity, which is countered by the
complex data reduction, which typically involves numerical
models. Furthermore, the presence of the substrate supporting
the specimen may become a source of errors (substrate effect),
which has to be taken into account for a correct analysis [94].
Finally, such a technique cannot be obviously applied to study
the behavior of 1D nanostructures, like nanotubes or
nanowires.

The experimental load-penetration depth curves contain
useful information to derive the hardness [95], the residual
strains [96], Young’s modulus [97], and the toughness of the
sample [98]. Indentation measurements have been applied to a
wide range of materials, ranging from metals, ceramics,
polymers, and composites.

4. Dynamic tests

4.1 Fatigue tests

Small-scale components often have to withstand cyclic
loads during their service life. Free-standing films, usually
used to fabricate functional and/or structural components in
MEMS, are subjected to mechanical fatigue loading at differ-
ent frequency in different kinds of environments. Thin films
on a substrate, widely used for fabricating microelectronic
devices and integrated circuits, are subjected to temperature

variation during service unavoidably leading to fatigue dam-
age. In any case, fatigue causes continuous change in the
properties of the material, which can be a cause of a possible
failure mechanism. A knowledge of the dynamic properties of
materials is a key issue for correct engineering design.

During the last decades, many efforts have been made in
order to develop fatigue tests suitable for micro- and nano-
scale investigation. Fatigue tests are performed to characterize
fatigue behavior of small-scale samples in terms of stress ver-
sus number of cycles to failure (S-N curves), fatigue damage,
and fatigue crack initiation and growth. Metal materials were
widely investigated (a good review on fatigue of small-scale
metal materials is reported in Ref. [99]), but also micrometer-
sized specimens of both single-crystal and polycrystalline
silicon have attracted attention [68].

Fatigue testing methods can be roughly grouped according
to the load they require. This can be uniaxial cyclic or dy-
namic bending, even if in the past other testing modes were
used [100].

The most common tests involve uniaxial cyclic loading.
Both tension-tension and tension-compression modes were
used. However, the latter condition is less common, because
buckling can occur [101]. Apparatus for fatigue tests under
tension-tension loading were developed for testing thin metal
wires [101, 102], metal [103-107] or silicon [108] free-
standing films or foils, while metal films deposited onto a
substrate can be tested by tension and compression loading
modes using the test method proposed in Ref. [109]. Tension-
compression cyclic loading tests can also be carried out on
thin free-standing films. In this case, micro-cantilever beams
are excited by dynamic bending under constant load amplitude
control provided by repeated indentation [110, 111]. Fatigue
life was derived from the variation of the microbeam stiffness
during the test. A similar bending based methodology was
proposed in Ref. [112] for testing thin films deposited onto a
substrate, under tension-compression loading. Recently, a
dynamic bending method based on the resonant frequency
method was proposed in Ref. [113]. This method allows for
investigation of the fatigue damage behavior of metallic multi-
layers and/or thin films under very high frequency and to
monitor the fatigue failure lifetime [114]. However, with this
methodology, the fatigue failure is supposed to occur when a
10 Hz reduction of the sample’s resonance frequency is meas-
ured, which corresponds to the development of cracks above a
certain size.

A method for thermal fatigue testing of thin metal films and
lines was proposed in Ref. [115]. Films bonded to a Si sub-
strate are subjected to cyclic strain and stress due to tempera-
ture cycles generated by Joule heating due to an alternating
current circulating on the thin metal specimen. With respect to
bending and uniaxial cyclic loading, thermal loading has the
advantage of not requiring mechanical actuators, but only a
pair of electrical contacts. This means that this kind of test can
be easily performed within a wide range of frequency (de-
pending on the frequency of the applied AC voltage) and in
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situ electron microscopes. However, with this technique, only
metals, and not freestanding samples, can be tested. Moreover,
the main limitation is in the relationship between the tempera-
ture increase and the strain, which cannot be independently
varied. In fact, the induced strain is a function of the tempera-
ture and the mismatch between the expansion coefficient of
the sample and the substrate. Finally, stresses cannot be meas-
ured during the test. Therefore, experiments are performed
under strain control and the corresponding stress value is de-
rived from stress-strain curves independently determined from
wafer curvature tests. This means that cyclic hardening or
softening is neglected [115].

All of the aforementioned uniaxial and bending methods
and those in Refs. [116-120] require the use of external stress
or strain sensors for measuring the load applied by the actua-
tion systems.

Another category of methods includes on-chip devices,
which are usually actuated by comb-drive structures [48, 121]
or piezoelectric elements [122]. Examples of tension-tension
and compression-tension are reported in Refs. [48, 122], while
examples of bending are reported in Ref. [121].

4.2 Resonant tests

Resonant tests are non-destructive tests, that allow one to
evaluate the elastic constants and/or the residual stresses by
measuring the resonance frequencies of material samples in
the shape of micro or nano beams [123-126], square or circu-
lar thin plate [127-128], and supported thin films [129].

In all these cases, analytical or semi-empirical expressions,
which correlate the geometry, the mass, the stress field and the
material properties of the sample to the resonant frequency
values, are used. The simple value of the fundamental reso-
nant frequency allows for the determination of Young’s
modulus or residual stresses if it is measured for, respectively,
a cantilever beam [130-133] or a beam simply supported at
both ends [134]. Simultaneous determination of both Young’s
modulus and residual stresses can be carried out in beams with
clamped-clamped ends [124]. Two resonant frequencies of
thin square or circular plates with free boundary condition are
required for simultaneously determining Young’s modulus
and Poisson’s ratio [127, 128]. Twenty or more free vibration
resonance frequencies were required for determining the ani-
sotropic elastic constants of thin films deposited on a substrate
by the resonant ultrasound spectroscopy method (RUS) [129].

Uncertainties related to non-ideal supports and disturbing
phenomena, like air damping and squeeze-film air damping,
provide sources of error that can lead to significant shifts in
the resonant frequencies of microfabricated structures.

Mechanical properties of micro-components can also be de-
termined by the use of atomic force microscopy (AFM). In
particular, one of its most important applications for the me-
chanical testing is called atomic force acoustic microscopy
(AFAM), which is based on the observation that the resonant
frequencies of the AFM cantilever change when the cantilever

tip is put into contact with the sample surface [68]. An ana-
lytical model is used to relate these frequency data to the sam-
ple-cantilever tip coupling, which is usually modeled as a
spring [135]. Then, from the stiffness of such a spring the
local mechanical properties of the sample, like its Young’s
modulus [136-137], can be derived. Samples that can be tested
by the means of the AFAM can be of different shape, such as
thin films [138] or nanowires [139].

5. Research trends

About six hundred articles, published in international jour-
nals since 1920, have been consulted by the authors in order to
analyze, summarize and trace the temporal evolution of the
efforts by the scientific community in micro and nano-scale
mechanical characterization of materials®. In this section, the
results of such an investigation are summarized and discussed.
In particular, the attention is focused on the mechanical quan-
tities that can be determined by the test methodologies de-
scribed in the previous sections, on the investigated materials
and on the interest the researchers showed toward each spe-
cific material, and each test methodology.

Regarding the mechanical properties that can be determined
by the aforementioned tests, a complete picture of the offered
possibilities is given in Table 1 (where the symbol X confirms
the suitability of a specific test to determine a specific quantity).

The pie charts reported in Figs. 10 and 11 show (in terms of
percentage of the examined papers) the interest of researchers
in the testing methods and the materials, respectively. The bar
graph of Fig. 12 illustrates instead the temporal evolution of
the interest toward different kind of materials.

As can be inferred from Fig. 10, tension is the test method-
ology most surveyed and used. This is not a surprise since, as it
can be noted from Table 1, it is the most versatile among all the
other test methodologies. In fact, it allows one to completely
characterize the mechanical behavior of a material sample. By
deriving its full stress-strain constitutive curve, mechanical
properties like the Young’s modulus and the ultimate stress, or
information about the basic processes of plastic deformation or
creep behavior can be determined. Moreover, this methodology
can be used for both micro and nano applications and for test-
ing a great number of materials (see Table 2).

It must be noted that, still today, there are neither standard-
ized methodologies nor unified test equipment for micro or
nano tension tests. Every researcher is free to develop and use
his own test apparatus, and the convergence on a definitive
and universal method has not occurred. The most interesting
promise comes from the generation of on-chip stages. These
systems allow in situ tests and reduce the alignment troubles,
which are the major sources of error in tensile tests, by co-
fabricating actuators, sensors, and sometime the specimen in a
unique chip. Furthermore, since such stages are electrome-
chanical systems, they could provide combined electrical and

% For the sake of brevity, only a limited number of these papers are

mentioned in the references.
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Table 1. Mechanical tests and determinable properties.
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IDENTIFIABLE QUANTITY
TEST Young’s Poisson’s ratio Shear Yield Fracture Creep Residual
modulus modulus strength strength stress
Tension X - - X X X -
Compression | X | - - | X | - | - -
Axisymmetric X - - - X - -
Bulge X X - X X - X
Bendin MDE X - - X X* - X
¢ Microbeam X - - - X - X
M-test X - - - - - X
Wafer curvature - - - - - - X
Torsion | - | - X | - | - | - | -
Nanoindentation | X | - | - | - | X | X
beams X - - - - - X
Sonic plates or X X
Resonant fims
RUS X X - - - - -
AFAM X - - - -
S-N curves Fatigue damage Crack growth rate

Uniaxial tension X X X

Fatigue Bending X X X

Thermal X X X

*Can also identify fracture toughness

mechanical tests on samples. On the other hand, they require
quite an accurate and careful design.

Bending test methods come after tensile tests in importance
(Fig. 10). These test methods are relatively easier to apply
compared to tensile tests, but in general, they allow one to
determine a reduced number of micro and nano-scale proper-
ties (see Table 1). Among the variety of bending tests, the
bulge test is the most flexible, providing the possibility of
determining properties such as Young’s modulus, Poisson
ratio, the yield and fracture strengths, and also residual
stresses, and it was used to investigate many materials (see
Table 2). The MDE and microbeam tests have been successful,
and can be inferred from Table 2, a good number of materials
has been studied. The axisymmetric test, the M-test, and the
wafer curvature tests have been used less, probably due to the
limited information and accuracy they can provide. As for
tension tests, on-chip stages seem to represent a valid choice
for determining elastic properties and strength of various ma-
terials.

Dynamic tests have been extensively used (Fig. 10). Uniax-
ial tests are the most common configurations within the fa-
tigue tests. They have been applied for testing metallic and
ceramic micro and nano-scale samples (see Table 2) with the
aim of determining the variation of the stress versus number of
cycles to failure (S-N curves), fatigue damage, and fatigue
crack initiation and growth. Resonant test methods prevalent

as an alternative to static tests for determining the Young
modulus and residual stress. With particular reference to the
residual stress, resonant tests can be preferred over bending
wafer tests, like the wafer curvature method, since they can
consider the effect of post-deposition processes on released
structures [131].

The remaining test methods such as compression, fracture
mechanics, torsion test, Raman spectroscopy [140, 141] for
residual stress measurement, hole drilling method [142] for
measuring the isotropic elastic constants, Brillouin scattering
techniques [143] for measuring anisotropic elastic constants,
etc., have been less frequently applied because of their com-
plexity or the limited number of information they can provide.

It is worth pointing out that today the nanoindentation test is
the most used and diffused test for measuring hardness and
Young’s modulus, likely due to the simplicity in sample
preparation and the availability of commercial equipment.
Nanoindentation is also applicable to investigations of residual
strains and toughness. A very high number of papers were
published on this topic, and by a rough analysis carried out by
the authors they represent more than one third of the total
number of the papers examined under this review. Indentation
measurements have been applied to a wide range of materials,
ranging from metals, ceramics, polymers to composites. De-
spite these facts, for the sake of clarity and because of the
important role played by the other techniques, in particular the
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Table 2. Materials investigated with the main testing methodologies.
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MATERIAL LENGTH SCALE
TEST Ceramic (silicides) Metals Polymers Others Micro Nano
25161 Agl# 147 SiGe 1501
Si (s All) Epoclad® CNT 151
Tension S¥C[149] Cul™ Epoxy!®! ZnO X X
S.lN ) Agh? PANL DNAM1
Si0; TiNE! GaN "2
Mg (561
Aug[57.154]
Compression S Mo (153 - - X X
TiAI™?
Nj [56:153]
Axisymmetric silén-e2 - - - X -
Ayl
gjlt6s! A 1661
Bulge SiN 160 Wl - - X X
Cu™
Nanocrystalline
MDE Sic[m] Au”& 170] A1[167, 169] diamond[Sl,lGX] X i
Bending Cyl!e7 169 Amorphous- tetahedra
diamond™®!}
163] Cu '™ CNT!'S!
Microbeam S.l (65] Ni e - ZnO!#¥! X X
SiN! Agl'™ GaN!3!
M-test si™ Au™! - - X -
] N
Wafer curvature sic 7 Ai“m - - X X
Ni 8
Torsion Sit# NiFe - - X -
Cylts 84
W 061
TiNi 7
. . Si™ Al®) SiGe!"™!
Nanoindentation Sic 1™ Steell"™ [175] cls) X X
Cul’s0
TiN[IRl]
] i3I Au 21 ] GaN 1761
Microbeam Sic 1 Ni 12 Polymide "4 70025153 X
Resonant Thin film {1291 Cu ' Cyp27128l X _
AFAM Sil'” Nil'7® - - X X
Cul1o120.183]
-[108,116,117] A2
Uniaxial Si Nil'® - Collagen ! X X
Fati NiCo!'*”
atigue Gil121. 185, 186]
Bending SiNI® Steel ') - - -
Thermal - cu' - - -

tension and bending tests, nanoindentation was not considered
in the diagrams of Figs. 10, 11 and 12.

As previously shown, the literature includes a variety of
tests to investigate material properties at small length scales,
and each of them offers different opportunities of study and
requires more or less sophisticated experimental setup. So, the
choice of one methodology instead of the others depends on
the scope of the researcher and the available instrumentation.
Surely, tension tests have great potentiality, especially in the
form of on-chip test devices, since they allow one to deter-

mine a wide variety of materials’ properties. However, in light
of the complicated apparatus they require, a good alternative
to them can be bending tests. However, they give less oppor-
tunity. For studies focused on plasticity, we suggest compres-
sion tests.

With regard to the most studied materials, it results from
Table 2 that a variety of metallic, ceramic and polymeric ma-
terials were tested: silicon, silicides, copper, nickel, and alu-
minum are the most common. The pie chart of Fig. 11 shows
the interest for each specific material.
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Fig. 11. Materials tested at micro and nano-scale.
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Fig. 12. Materials tested at micro and nano-scales between 1950 and
2010.

It can be observed that silicon (single or polycrystalline) and
its compounds (silicon oxide and silicides, such as silicon
carbide and silicon nitride) have been the most intensively
studied materials. Great consideration has also been given to
metals. Carbon nanotubes, polymers and other materials (as
GaN and ZnO nano wires) follow in decreasing order.

Finally, the bar graph reported in Fig. 12 highlights the im-
portance given to each material from 1950 to 2010. It can be

verified that the interest on silicon (the first and the most im-
portant material used by the microelectronics industry since
the 1990s) and its compounds has almost always surpassed the
interest for other materials. However, the importance of metals
inside MEMS is increasing and leading toward a renewed
interest in their characterization at the microscale. Interest in
nanocrystalline diamond, silicon carbide (SiC), and amor-
phous diamond as new MEMS materials is also growing.

Moreover, from the graph it is possible to appreciate the
growing interest in carbon nanotubes, which could represent
an excellent alternative to traditional materials thanks to their
highly improved electrical, photonic, and thermal properties as
compared with their bulk counterparts.

6. Concluding remarks

In the present paper, we reviewed the most relevant litera-
ture on mechanical testing of materials at small length scales.

The most important test methodologies were identified,
classified and briefly described. So far, tensile and bending
tests have been the most commonly adopted static tests (other
than nanoindentation) and, among these, on-chip stages seem
to be the most promising. The increasing interest on the fa-
tigue tests for studying the behavior of both metallic and sili-
con-based materials was also pointed out.

Attention was paid to the most investigated materials and
the mechanical quantities that can be determined by each test
method. The characterization of metals, silicon carbide, and
diamond materials is attracting growing interest. In fact, even
if they are widely used in microelectronics and MEMS, there
is still a lack of information about their properties. As regards
to the mechanical quantities that can be determined by each
test method, it must be observed that while all the available
methods are suitable for determining Young’s modulus, only a
few provide Poisson’s ratio. Moreover, bending and nanoin-
dentation tests are the most suitable for residual stress meas-
urement. The compression test is mainly used to study plastic-
ity while only tension tests allow one to study creep behaviour
of materials.

Despite the great work carried out for developing more ac-
curate, reliable and simple methodologies, at present, there are
still neither standard methods nor universally recognized fix-
tures for mechanical testing of materials at micro and nano-
scales. Many solutions have been presented over time, but still
today new methodologies are required and emerging to over-
come limits of the existing ones. New testing methodologies
are also needed to support the continuous advance of micro
and nanoelectronics, as well as biology, for a deeper under-
standing of the behavior of materials like nanofibers, nano-
tubes, nanostructured, and biological samples. However, a
good starting point is the study of the developed methods in-
cluded in the literature. Therefore, a large number of appropri-
ate references are selected and proposed in this paper to allow
the interested reader to find detailed information concerning
materials and their properties, and above all the methodologies
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used by the researchers for testing them. All the results of the
bibliographic investigation carried out by the authors are
summarized in table or graphic format for easy consultation.
We hope this review serves as an introduction to newcomers
to the field of nano/micro scale testing.

References

[1] T. R. Hsu, MEMS and microsystems-design, manufacture,
and nanoscale engineering, John Wiley & Sons Inc., Hobo-
ken, New Jersey, USA (2008).

[2] J. W. Gardner, V. K. Varadan and O. O. Awadelkarim, Mi-
crosystems, MEMS and smart devices, John Wiley & Sons
Inc., Chichester, UK (2001).

[3] V. Labhasetwar and D. L. Leslie-Pelecky, Biomedical appli-
cations of nanotechnology, John Wiley & Sons Inc., Hobo-
ken, New Jersey, USA (2007).

[4] R. Osiander, M. A. G. Darrin and J. L. Champion, MEMS
and microstructures in aerospace applications, CRC Press,
Boca Raton, FL, USA (2006).

[51 R. L. Eisner, Tensile tests on silicon whiskers, Acta Metall, 3
(1955) 414-415.

[6] J. W. Beams, W. E. Walker and M. S. Marton Jr., Mechani-
cal properties of thin films of silver, Phys. Rev., 87 (1952)
524-525.

[7] M. F. Doerner, D. S. Gardner and W. D. Nix, Plastic proper-
ties of thin films on substrates as measured by submicron in-
dentation hardness and substrate curvature techniques, J.
Mater. Res., 1 (6) (1986) 845-851.

[8] C. A. Neugebauer, Tensile properties of thin, evaporated
gold films, J. Appl. Phys., 31 (1960) 1096-1101.

[91 W. N. Sharpe Jr, Mechanical property measurement at the
micro/nano-scale, Strain, 44 (2008) 20-26.

[10] T. Yi and C. Kim Measurement of mechanical properties
for MEMS materials, Meas. Sci. and Technol., 10 (1999)
706-716.

[11] M. A. Haque and M. T. A. Saif, A review of MEMSbased
microscale and nanoscale tensile and bending testing. Exp.
Mech., 43 (2003) 248-255.

[12] K. J. Hemker and W. N. Sharpe Jr, Mechanical testing of
very small samples, Annu. Rev. of Mater. Res., 37 (2007) 93-
126.

[13] V.T. Srikar and S. M. Spearing, A critical review of micro-
scale mechanical testing methods used in the design of mi-
croelectromechanical systems, Exp. Mech., 43 (2003) 238-
247.

[14] R. Agrawal and H. D. Espinosa multiscale experiments:
State of the art and remaining challenges, J. of Eng. Mater.
and Technol., 131 (2009) 041208-1/15.

[15] M. Alfano, L. Pagnotta and M. F. Pantano, A review of
patented works on the mechanical characterization of mate-
rials at micro- nano-scale, Recent Patents on Nanotech., 5
(1) (2011) 37-45.

[16] K. Wouters and R. Puers, Determining the Young’s
modulus and creep effects in three different photo definable

epoxies for MEMS applications, Sens. and Actuators A4, in
press (2009).

[17] G.P. Zhang, C. A. Volkert, R. Schwaiger and P. Wellner et
al, Length-scale-controlled fatigue mechanisms in thin cop-
per films, Acta Mater., 54 (11) (2006) 3127-31309.

[18] W. N. Sharpe Jr., B. Yuan and R. L. Edwards, A new tech-
nique for measuring the mechanical properties of thin films,
J. of Microelectromech. Syst., 6 (3) (1997) 193-199.

[19] E. Mazza, S. Abel and J. Dual, Experimental determination
of mechanical properties of Ni and Ni-Fe microbars, Micro-
syst. Technol., 2 (1996) 197-202.

[20] P. B. Kaul, U. Singh and V. Prakash, In situ characteriza-
tion of nanomechanical behavior of free-standing nanostruc-
tures, Exp. Mech., 49 (2009) 191-205.

[21] M. A. Haque and M. T. A. Saif, In situ tensile testing of
nanoscale freestanding thin films inside transmission elec-
tron microscope, Mater. Res. Soc., 20 (7) (2009) 1769-1777.

[22] S. Cuenot, S. Dermoustier-Champagne and B. Nysten,
Elastic modulus of polypyrrole nanotubes, Phys. Rev. Lett.,
858 (2000) 1690-1693.

[23] T. Tsuchiya, O. Tabata, J. Sakata and Y. Taga, Specimen
size effect on tensile strength of surface-micromachined
polycrystalline silicon thin films, J. of Microelectromech.
Syst., 7 (1) (1998) 1057-7157(98)01301-8.

[24] E. P. S. Tan, C. N. Goh, C. H. Sow and C. T. Lim, Tensile
test of a single nanofiber using an atomic force microscope
tip, App. Phys. Lett., 86 (7) (2005) 073115.

[25] E. P. S. Tan and C. T. Lim, Physical properties of single
polymeric nanofiber, App. Phys. Lett., 849 (2004) 1603-1605.

[26] S. Greek and S. Johansson, Tensile testing of thin film
microstructures, Proc. SPIE 3224 (1997) 344-351.

[27] M. A. Haque and M. T. A. Saif, Application of MEMS
force sensors for in situ mechanical characterization of nano-
scale thin films in SEM and TEM, Sens. And Actuators A,
97-98 (2002) 239-245.

[28] M. A. Haque and M. T. A. Saif, Deformation mechanisms
in free-standing nanoscale thin films: A quantitative in situ
transmission electron microscope study, Proc. of the Natl.
Acad. of Sci. USA, 101 (17) (2004) 6335-6340.

[29] S. Greek and F. Ericson, In situ tensile strength measure-
ment and Weibull analysis of thick-film and thin film mi-
cromachined polysilicon structures, Mater. Res. Soc. Symp.
Proc., 518 (1998) 51-56.

[30] J. A. Ruud, D. Josell and F. Spaepen, A new method for
tensile testing of thin films, J. of Mater. Res., 8 (1) (1993)
112-117.

[31] T. A. Berfield, J. K. Patel, R. G. Shimmin, P. V. Braun, J.
Lambros and N. R. Sottos, Micro- and nanoscale deforma-
tion measurement of surface and internal planes via digital
image correlation, Exp. Mech., 47 (2007) 51-62.

[32] W. G. Knauss and 1. Chasiotis, Mechanical measurements
at micron and nanometer scale, Mech. of Mat., 35 (2003)
217-231.

[33] B. Han, Recent advancements of Moiré and microscopic
moiré¢ interferometry for thermal deformation analyses of



556 M. F. Pantano et al. / Journal of Mechanical Science and Technology 26 (2) (2012) 545~561

microelectronics devices, Exp. Mech., 38 (4) (1998) 278-288.

[34] H. Xie, B. Li, B. Xu and J. Castracane, Focused ion beam
Moiré method, Optics and Lasers in Engineering, 40 (3)
(2002) 163-177.

[35] S. C. Yeon, Y.-H. Huh, D. 1. Kim, J. H. Hahn, G. S. Kim
and Y. H. Kim, Measurement of micro-tensile properties for
hard coating material TiN, Advances in nondestructive
evaluation, 270-273 (2004) 1113-1118.

[36] C.S. Oh, H. J. Lee, S. G. Ko, S. W. Kim and H. G. Ahn,
Comparison of the Young’s modulus of polysilicon film by
tensile testing and nanoindentation, Sens. and Actuators A,
117 (1) (2005) 151-158.

[37] E. Mazza, S. Abel and J. Dual, Experimental determination
of mechanical propertties of Ni and Ni-Fe microbars, Micro-
sys. Technol., 2 (1996) 197-202.

[38] D. A. LaVan and W. N. Sharpe Jr., Tensile testing of mi-
crosamples, Exp. Mech., 39 (1999) 210-216.

[39] M. Naraghi, T., Ozkan, 1. Chasiotis and M. P. de Boer,
MEMS platform for on-chip nanomechanical experiments
with strong and highly ductile nanofibers, J. of Micromech.
and Microeng., 20 (2010) 125022.

[40] B. Peng, Y. Zhu, L. Petrov and H. D. Espinosa A microelec-
tromechanical system for nano-scale testing of one dimen-
sional nanostructures, Sens. Lett., 6 (1) (2008) 76-87.

[41] 1. J. Brown, A. 1. Baca, K. A. Bertness, D. A. Dikin, R. S.
Ruoff and V. M. Bright, Tensile measurement of single crys-
tal gallium nitride nanowires on MEMS test stages, Sens.
and Actuators A, (2010) in press.

[42] R. Liu, H. Wang, X. Li, G. Ding and C. Yang, A micro-
tensile method for measuring mechanical properties of
MEMS materials, J. of Micromech. and Microeng., 18
(2008) 065002.

[43] Y. Zhu, C. Ke and H. D. Espinosa, Experimental determi-
nation of mechanical properties of Ni and Ni-Fe microbars,
Microsyst. Technol., 2 (2007) 19-202.

[44] M. T. A. Saif and N. C. MacDonald, Microinstruments for
sub micron material studies, J. of Mat. Res., 13 (12) (1998)
3353-3356.

[45] J. H. Han and M. T. A. Saif, In situ microtensile stage for
electromechanical characterization of nanoscale freestanding
films, Rev. of Sci. Instrum., 77 (4) (2006) 045102.

[46] S.N. Lu, D. A. Dikin, S. L. Zhang, F. T. Fisher, J. Lee and
R. S. Ruoff, Realization of nanoscale resolution with a mi-
cromachined thermally actuated testing stage, Rev. of Sci. In-
strum., 756 (2004) 2154-2162.

[47] A. Corigliano, L. Domenella and G. Langfelder, On-chip
mechanical characterization using an electro-thermo-
mechanical actuator, Exp. Mech., 50 (2010) 695-707.

[48] S. J. Eppel, B. N. Smith, H. Kahn and R. Ballarini, Nano
measurements with micro-devices: mechanical properties of
hydrated collagen fibrils, J. of the Royal Soc. Interface, 3
(2006) 117-121.

[49] S. S. Hazra, M. S. Baker, J. L. Beuth and M. P. de Boer,
Demonstration of an in situ on-chip tensile tester, J. of Mi-
cromech. and Microeng., 19 (2009) 082001.

[50] D. Zhang, W. Drissen, J. M. Breguet, R. Clavel and J.
Michler, A high-sensitivity and quasi-linear capacitive sen-
sor for nanomechanical testing applications, J. of Micromech.
and Microeng., 19 (2009) 075003.

[51] S. Gravier, M. Coulombier, A. Safi, N. André, A. Boé, J.-P.
Raskin and T. Pardoen, New on-chip nanomechanical testing
laboratory, Applications to aluminum and polysilicon thin
films, J. of Microelectromech. Syst., 18 (3) (2009) 555-569.

[52] R. Agrawal, B. Peng and H. D. Espinosa, Experimental-
computational investigation of ZnO nanowires strength and
fracture, Nanolet., 9 (12) (2009) 4177-4183.

[53] S. W. Cho and 1. Chasiotis, Elastic properties and represen-
tative volume element of polycrystalline silicon for MEMS,
Exp. Mech., 47 (2007) 37-49.

[54] C. Liu, On the minimum size of the representative volume
element: an experimental investigation, Exp. Mech., 45 (3)
(2005) 238-243.

[55] J. R. Greer and W. D. Nix, Nanoscale gold pillars strength-
ened through dislocation starvation, Phys. Rev. B, 73 (2006)
245410.

[56] M. D. Uchic, D. M. Dimiduk, J. N. Florando and W. D.
Nix, Sample dimensions influence strength and crystal plas-
ticity, Science, 305 (5986) (2004) 986-989.

[57] J. R. Greer, W. C. Oliver and W. D. Nix, Size dependence of
mechanical properties of gold at the micron scale in the ab-
sence of strain gradients, Acta Mater., 53 (2005) 1821-1830.

[58] S. Shim, H. Bei, M. K. Miller, G. M. Pharr and E. P.
George, Effects of focused ion beam milling on the com-
pressive behavior of directionally solidified micropillars and
the nanoindentation response of an electropolished surface,
Acta Mater., 57 (2009) 503-510.

[59] Z. W. Shan, R. K. Mishra, S. A. Syed Asif, O. L. Warren
and A. M. Minor, Mechanical annealing and source-limited
deformation in submicrometre-diameter Ni crystals, Nat.
Mater., 7 (2) (2008) 115-119.

[60] H. Zhang, B. E. Schuster, Q. Wei and K. T. Ramesh, The
design of accurate micro-compression experiments, Scripta
Mater., 54 (2006) 181-186.

[61] K. S. Chen, A. Ayon and S. M. Spearing, Controlling an
testing the fracture strength of silicon on the mesoscale, J. of
the Am Ceram Soc., 83 (6) (2000) 1476-1484.

[62] S. M. Hu, Critical stress in silicon brittle fracture, and effect
of ion-implantation and other surface treatments. J. of App
Phys., 53 (5) (1982) 3576-3580.

[63] A. Tuncay and A. T. Zehnder, A Monte-Carlo simulation
of the effect of surface morphology on the fracture of nano-
beams, Int. J. of Fracture, 148 (2007) 129-138.

[64] H. Liu, C. H. Pan and P. Liu, Dimension effect on me-
chanical behavior of silicon micro-cantilever beams, Meas-
urement, 4 (2008) 885-895.

[65] G. J. McShane, M. Boutchich, A. Srikantha Phani, D. F.
Moore and T. J. Lu, Young’s modulus measurement of thin-
film materials using micro-cantilevers, J. of Micromech. and
Microeng., 16 (2006) 1926-1934.

[66] M. P. de Boer, F. W. DelRio and M. S. Baker, On-chip struc-



M. F. Pantano et al. / Journal of Mechanical Science and Technology 26 (2) (2012) 545~561 557

ture suite for free-standing metal film mechanical property
testing, Part I-Analysis, Acta Mater., 56 (2008) 3344-3352.

[67] M. P. de Boer, A. D. Corwin, P. G. Kotula, M. S. Baker, J.
R. Michael, J. Subhash and M. J. Shaw, On-chip laboratory
suite for testing of free-standing metal film mechanical
properties, Part II-Experiments, Acta Mater., 56 (2008)
3313-3326.

[68] A. Corigliano, F. Cacchione, S. Zerbini, in: Yang, F. and Li,
J. C. M. Micro and nano mechanical testing of materials and
devices, Springer, New York, USA Chapter 13 (2008).

[69] J. J. Vlassak W. D. and Nix, A new bulge test technique for
the determination of Young’s modulus and Poisson’s ratio of
thin films, J. of Mater. Res., 7 (1992) 3242-3249.

[70] X. Wei, D. Lee, S. Shim, S. Chen and J. W. Kysar, Plane-
strain bulge test for nanocrystalline copper thin films,
Scripta Mater., 57 (2007) 541-544.

[71] Y. Xiang and J. J. Vlassak, Bauschinger and size effects in
thin-film plasticity, Acta Mater., 54 (2006) 5449-5460.

[72] P. M. Osterberg and S. D. Senturia, M-TEST: A test chip
for MEMS material property measurement using electro-
statically actuated test structures. J. of Microelectromech.
Syst., 6 (2) (1997) 107-118.

[73] J. Sharma and A. DasGupta, Effect of stress on the pull-in
voltage of membranes for MEMS application, J. of Micro-
mech. and Microeng., 19 (2009) 115021.

[74] G. Fleury, C. Malhaire, C. Populaire, M. Verdier, A. Devos,
P. L. Charvet and J. P. Polizzi, Mechanical cross-
characterization of sputtered inconel thin films for MEMS
applications, Sens. and Actuators B, 126 (2007) 48-51.

[75] G. Stoney, Proc. of the Royal Soc. 4, 82 (1909) 172.

[76] J. Laconte, F. Iker, S. Jorez, N. André, J. Proost, T. Pardoen,
D. Flandre and J.-P. Raskin, Thin film stress extraction using
micromachined structures and wafer curvature measure-
ments, Microelectron. Eng., 76 (2004) 219-226.

[77] H. D. Espinosa, B. C. Prorok and M. Fischer, A novel ex-
perimental technique for testing thin film and MEMS mate-
rials, Proc. SEM Annual Conf. on Expt. and App. Mech.,
Portland, (2001) 446-449.

[78] H. D. Espinosa, B. C. Prorok and M. Fischer, A methodol-
ogy for determining mechanical properties of freestanding
thin films and MEMS materials, J. of the Mech. and Phys. of
Solids, 51 (2003) 47-67.

[79] Y. H. Huh, D. L. Kim, D. J. Kim, H. M. Lee, S. G. Hong, J.
H. Park and C. D. Kee, Measurement of mechanical proper-
ties of thin film by membrane deflection test, Exp. Mech.,
(2009) DOI 10.1007/s11340-009-9247-4.

[80] H. D. Espinosa and B. Peng, A new methodology to inves-
tigate fracture toughness of freestanding thin films and
MEMS materials, J. of Microelectromench. Syst., 14 (1)
(2005) 153-159.

[81] H. D. Espinosa, B. Peng, N. Moldovan, T. A. Friedmann, X.
Xiao, D. C. Mancini, O. Auciello, J. Carlisle, C. A. Zorman
and M. Merhegany, Elasticity, strength and toughness of
single crystal silicon carbide, ultrananocrystalline diamond,
and hydrogen-free tetrahedral amorphous carbon, App. Phys.

Lett., 89 (7) (2006) 073111.

[82] B. Peng, H. D. Espinosa, N. Moldovan, X. Xiao, O. Au-
ciello and J. A. Carlisle, Fracture size effect in UNCD - ap-
plicability of weibull theory, J. of Mater. Res., 22 (4) (2007)
913-925.

[83] G. Schiltges, D. Gsell and J. Dual, Torsional tests on mi-
crostructures: two methods to determine shear-moduli, Mi-
crosyst. Technol., 5 (1998) 22-29.

[84] N. A. Fleck, G. M. Muller, M. F. Ashby and J. W. Hutchin-
son, Strain gradient plasticity: theory and experiments, Acta
Met. et Mater., 42 (2) (1994) 475-487.

[85] D. J. Dunstan, B. Ehrler, R. Bossis, S. Joly and K. M. Y.
P'ng, Elastic limit and strain hardening of thin wires in tor-
sion, Phys. Rev. Lett., 103 (2009) 155501.

[86] A.P. Ternovskii, V. P. Alekhin, M. Kh. Shorshorov, M. M.
Khrushchev and V. N. Skvortsov, The character of the varia-
tion of microhardness with indentation size and the deforma-
tion behavior of materials under conditions of concentrated
surface loading, Zavodskaya Laboratoriya, 39 (1973) 1242.

[87] S. L. Bulychev, V. P. Alekhin, M. Kh. Shorshorov, A. P.
Ternovskii and G. D. Shnyrev, Determining young’s
modulus from the indenter penetration diagram, Zavodskaya
Laboratoriya, 41 (1975) 1137.

[88] J. B. Pethica, R. Hutchings and W. C. Oliver, Hardness
measurement at penetration depths as small as 20 nm, Tay-
lor & Francis, London, UK (1983).

[89] W. C. Oliver and G. M. Pharr, An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments, J. of Mater.
Res., 7 (6) (1992) 1564-1583.

[90] Y. L. Golovin, Nanoindentation and mechanical properties
of solids in submicrovolumes, thin near-surface layers, and
films: A review, Phys. of the Solid State, 50 (12) (2008)
2205-2236.

[91] A. C. Fischer-Cripps, Critical review of analysis and inter-
pretation of nanoindentation test data, Surface & Coatings
Technol., 200 (2006) 4153-4165.

[92] Y.-T. Cheng and C.-M. Cheng, Scaling, dimensional analy-
sis, and indentation measurements, Mater. Sci. and Eng. R,
44 (2004) 91-149.

[93] W. C. Oliver and G. M. Pharr, Measurement of hardness
and elastic modulus by instrumented indentation: Advances
in understanding and refinements to methodology, J. of Ma-
ter. Res., 19 (1) (2004) 3-20.

[94] S. Kataria, S. Goyal, S. Dash and A. K. Tyagi, Nanome-
chanical characterization of thermally evaporated Cr thin
films-FE analysis of the substrate effect, Thin Solid Films,
519(2010) 312-318.

[95] T. Otiti, Y. Cao, S. M. Allameh, Z. Zong, O. Akogwu and
W. O. Soboyejo, Nanoindentation measurements of me-
chanical properties of Ni thin films: Effect of microstructure
and substrate modulus, Mater. and Manufacturing Process.,
22 (2) (2007) 195-205.

[96] Y. S. Wang, S. L. Qu, Y. X. Gai, S. Dong and Y. C. Liang,
Residual strains of aluminum alloy characterized by nanoin-



558 M. F. Pantano et al. / Journal of Mechanical Science and Technology 26 (2) (2012) 545~561

dentation, Trans. of nonferrous metals Society of China, 19
(3) (2009) 767-771.

[97] M. S. Kennedy, A. L. Olson, J. C. Raupp, N. R. Moody and
D. F. Bahr, Coupling bulge testing and nanoindention to
characterize materials properties of bulk micromachined
structures, Microsyst. Technol., 11 (2005) 298-302.

[98] X. Li, B. Bhushan, K. Takashima, C.-W. Baek and Y.-K.
Kim, Mechanical characterization of micro/nanoscale struc-
tures for MEMS/NEMS applications using nanoindentation
techniques, Ultramicroscopy, 97 (2003) 481-494.

[99] G. P. Zhang and Z. G. Zhang, in: G. C. H. Sih, Multiscale
fatigue crack initiation and propagation of engineering ma-
terials: Structural integrity and microstructural worthiness,
Srpinger (2008).

[100] S. P. Hannula, J. Wanagel and C. Y. Li, A comparative
study of the mechanical properties of bonding wire, ASTM
Special Technical Publications 850, American Society for
Testing and Materials, Philadelphia (1984).

[101] G. Kathibi, A. Betzwar-Kotas, V. Groger and B. Weiss, A
study of the mechanical and fatigue properties of metallic
microwires, Fatigue and Fracture of Engineering Materials
& Structures, 28 (2005) 723-733.

[102] R. Hofbeck, K. Hausmann, B. Ilschner and H. U. Kunzi,
Fatigue of very thin copper and gold wires, Scripta Met., 20
(1986) 1601-1605.

[103] M. Judelewicz, H. U. Kunzi, N. Merk and B. Ilschner, Mi-
crostructural development during fatigue of copper foils 20-100
um thick, Mater. Sci. and Eng. A, 186 (1-2) (1994) 135-142.

[104] S. Hong and R. Weil, Low cycle fatigue of thin copper
foils, Thin Solid Films, 283 (1996) 175-181.

[105] D. T. Read and J. W. Dally, Fatigue of microlithographi-
cally patterned free-standing aluminum thin-film under axial
stress, J. of Electron. Packaging, 117 (1995) 1-6.

[106] D. T. Read, Tension-tension fatigue of copper thin films,
Int. J. of Fatigue, 20 (3) (1998) 203-209.

[107] D. Son, J.-J. Kim, T. W. Lim and D. Kwon, Evaluation of
fatigue strength of LIGA nickel film by microtensile tests,
Scripta Mater., 50 (2004) 1265-1269.

[108] Y. Nagai, T. Namazu and S. Inoue, Fatigue life evaluation
for single- and poly-crystalline silicon films by pulsating-
tension cyclic loading test, Surface and Interface Analysis,
40 (2008) 993-997.

[109] M. Hommel, O. Kraft and E. Arzt, A new method to study
cyclic deformation of thin films in tension and compression,
J. of Mater. Res., 14 (1999) 2373-2376.

[110] K. Takashima, Y. Higo, S. Sugiura and M. Shimojo, Fa-
tigue crack growth behavior of micro-sized specimens pre-
pared from an electroless plated Ni-P amorphous alloy thin
film, Mater. Trans., 42 (2001) 68-73.

[111] G. P. Zhang, K. Takashima, M. Shimojo and Y. Higo,
Fatigue behavior of microsized austenitic stainless steel
specimens, Mater. Lett., 57 (2003) 1555-1560.

[112] R. Schwaiger and O. Kraft, High cycle fatigue of thin
silver films investigated by dynamic microbeam deflection,
Scripta Met., 41 (1999) 823-829.

[113] Y. C. Wang, A. Misra and R. G. Hoagland, Fatigue prop-
erties of nano scale Cu/Nb multilayers, Scripta Met., 54
(2006) 1593-1598.

[114] C. L. Muhlstein, Characterization of structural films using
microelectromechanical resonators, Fatigue & Fracture of
Eng. Mater. & Struct., 28 (8) (2005) 711-721.

[115] R. Monig, R. R. Keller and C. A. Volkert, Thermal fa-
tigue testing of thin film metal films, Rev. of Sci. Instrum.,
75 (2004) 4997-5004.

[116] J. Bagdahn and W. Sharpe, Fatigue of polycrystalline
silicon under long-term cyclic loading, Sens. and Actuators
A4, 103 (2003) 9-15.

[117] T. Ando, M. Shikida and K. Sato, Tensile-mode fatigue
testing of silicon films as structural materials for MEMS,
Sens. and Actuators A, 93 (2001) 70-75.

[118] H.S. Cho, K. J. Hemker, K. Lian, J. Goettert and G. Dir-
ras, Measured mechanical properties of LIGA Ni structures,
Sens. and Actuators A, 103 (2003) 59-63.

[119] M.-T. Lin, C.-J. Tong and K.-S. Shiu, Monotonic and
fatigue testing of freestanding submicron thin beams applica-
tion for MEMS, Microsyst. Technol., 14 (2008) 1041-1048.

[120] C.-Y. Kim, J.-H. Song and D.-H. Lee, Development of a
fatigue testing system for thin films, Int. J. of Fatigue, 31
(2008) 736-742.

[121] D. H. Alsem, R. Timmerman, B. L. Boyce, E. A. Stach, J.
Th. M. de Hosson and R. O. Ritchie, Very high-cycle fatigue
failure in micron-scale polycrystalline films: Effects of envi-
ronment and surface oxide thickness, J. of App. Phys., 101
(2007) 013515.

[122] T. Hua, H. Xie, X. Feng, X. Wang, J. Zhang, P. Chen and
Q. Zhang, A new dynamic device for low-dimensional mate-
rials testing, Rev. of Sci. Instrum., 80 (2009) 126108.

[123] S. He, J. S. Chang, L. Li and H. Ho, Characterization of
Young’s modulus and residual stress gradient of metal-
MUMPs electroplatednickel film, Sens. and Actuators A,
154, (2009) 149-156.

[124] L. M. Zhang, D. Uttamchandani and B. Culshaw, Meas-
urement of the mechanical properties of silicon microresona-
tors, Sens. and Actuators A, 29 (1991) 79-84.

[125] T. Ikehara, R. A. E. Zwijze and K. Ikeda, New method for
an accurate determination of residual strain in polycrystalline
silicon films by analyzing resonant frequencies of micro-
machined beams, J. of Micromech. and Microeng., 11
(2001) 55-60.

[126] C. Q. Chen, Y. Shi, Y. S. Zhang, J. Zhu and Y. J. Yan,
Size dependance of Young’s modulus in ZnO nanowires,
Phys. Rev. Letters, 96 (2006) 075505.

[127] M. Alfano and L. Pagnotta, A non destructive technique
for the elastic characterization of thin isotropic plates,
NDT&E international, 40 (2) (2007) 112-120.

[128] D. R. Franga and A. Blouin, All-optical measurement of
in-plane and out-of-plane Young’s modulus and Poisson’s
ratio in silicon wafers by means of vibration modes, Meas.
Sci. and Technol., 15 (2004) 859-868.

[129] H. Ogi, N. Nakamura, M. Hirao, Advanced resonant ultra-



M. F. Pantano et al. / Journal of Mechanical Science and Technology 26 (2) (2012) 545~561 559

sound spectroscopy for measuring anisotropic elastic con-
stants of thin films, Fatigue & Fracture of Eng. Mater. &
Struct., 28 (8) (2005) 657-663.

[130] L. Kiesewetter, J.-M. Zhang, D. Houdeau and A. Steck-
enborn, Determination of Young’s moduli of microelectro-
mechanical thin films using the resonance method, Sens. and
Actuators A, 35 (2) (1992) 153-159.

[131] C.-W. Baek, Y.-K. Kim, Y. Ahn and Y.-H. Kim, Meas-
urement of the mechanical properties of electroplated gold
thin films using micromachined beam structures, Sens. and
Actuators A, 1-3, (2005) 17-27.

[132] G. Rehder and M. N. P. Carreno, PECVD a-SiC: Young’s
modulus obtained by MEMS resonant frequency, J. of Non-
Crystalline Solids, 354 (2007) 19-25.

[133] X. D. Bai, P. X. Gao, Z. L. Wang and E. G. Wang, Dual-
mode mechanical resonance of individual ZnO Nanobelts,
App. Phys. Lett., 82 (26) (2003) 4806-4808.

[134] Y.-J. Kim and M. G. Allen, In situ measurement of me-
chanical properties of polyimide films using micromachined
resonant string structures, /EEE Trans. on Components and
Packaging Technol., 22 (2) (1996) 282-290.

[135] S. Banerjee, N. Gayathri, S. R. Shannigrahi, S. Dash, A. K.

Tyagi and B. Raj, Imaging distribution of local stiffness over
surfaces using atomic force acoustic microscopy, J. of Phys.
D: App. Phys., 40 (8) (2007) 2539-2547.

[136] F. Mege, F. Volpi and M. Verdier, Mapping of elastic
modulus at sub-micrometer scale with acoustic contact reso-
nance AFM, Microelectron. Eng., 87 (3) (2010) 426-420.

[137] D. Passeri, M. Rossi, A. Alippi, A. Bettucci, A. Serra, E.
Filippo, M. Lucci and 1. Davoli, Atomic force acoustic micros-
copy characterization of nanostructured selenium-tin films, Su-
perlattices and Microstructures, 44 (4-5) (2008) 641-649.

[138] D. C. Hurley, K. Shen, N. M. Jennett and J. A. Turner,
Atomic force acoustic microscopy methods to determine
thin-film elastic properties, J. of App. Phys., 94 (4) (2003)
2347-2354.

[139] G. Stan, C. V. Ciobanu, P. M. Parthangal and R. F. Cook,
Diameter-dependent radial and tangential elastic moduli of
ZnO nanowires, Nano Letters, 7 (12) (2007) 3691-3697.

[140] V.T. Srikar, A. K. Swan, M. S. Unlu, B. B. Goldberg and
S. M. Spearing, Micro-raman measurement of bending
stresses in micromachined silicon flexure, J. of Microelec-
tromech. Syst., 12 (6) (2003) 779-787.

[141] L. De Wolf, Stress measurements in Si microelectronics
devices using raman spectroscopy, J. of Raman Spectros-
copy, 30 (1999) 877-883.

[142] S. Cho, J. F. Cardenas-Garcia and 1. Chasiotis, Measure-
ment of nanodisplacements and elastic properties of MEMS
via the microscopic hole method, Sens. and Actuators A, 120
(2005) 163-171.

[143] P. Djemia, E. Dogheche, M. 1. Barros and L. Vandenbul-
cke, Mechanical properties of diamond films: A comparative
study of polycrystalline and smooth fine-grained diamonds
by Brillouin light scattering, J. of App. Phys., 90 (2001)
3771-3779.

[144] 1. Chasiotis and W. G. Knauss, A new microtensile tester
for the study of MEMS materials with the aid of atomic
force microscopy, Exp. Mech., 42 (1) (2002) 51-57.

[145] M. A. Haque and M. T. A. Saif, Mechanical behavior of
30-50 nm thick aluminum films under uniaxial tension,
Scripta Mater., 47 (12) (2002) 863-867.

[146] M. A. Haque and M. T. A. Saif, In-situ tensile testing of
nano-scale specimens in SEM and TEM, Exp. Mech., 42 (1)
(2002) 123-128.

[147] D. S. Gianola and W. N. Sharpe Jr., Techniques for testing
thin films in tension, Exp. Techniques, 28 (5) (2004) 23-27.
[148] W.N. Sharpe Jr., O. Jadaan, G. M. Beheim, G. D. Quinn, N.
N. Nemeth, Fracture strength of silicon carbide microspeci-

mens, J. of Microelectromech. Syst., 14 (5) (2005) 903-913.

[149] T. Yoshioka, T. Ando, M. Shikida and K. Sato, Tensile
testing of Si02 and Si3N4 films carried out on a silicon chip,
Sens. and Actuators A, 82 (1-3) (2000) 291-296.

[150] R. Modlinski, A. Witvrouw, A. Verbist, R. Puers and 1.
De Wolf, Mechanical characterization of poly-SiGe layers
for CMOS-MEMS integrated application, J. of Micromech.
and Microeng., 20 (1) (2010) 015014.

[151] H. D. Espinosa, Y. Zhu, N. Moldovan, Design and opera-
tion of a MEMS-based material testing system for nanome-
chanical characterization, J. of Microelectromech. Syst., 16
(5) (2007) 1219-1231.

[152] Y. Zhu and H. D. Espinosa, An electromechanical mate-
rial testing system for in-situ electron microscopy and appli-
cations, Proc. of the Natl. Acad. of Sci. USA, 102 (41) (2005)
14503-14508.

[153] M. D. Uchic and D. A. Dimiduk, A methodology to investi-
gate size scale effects in crystalline plasticity using uniaxial
compression testing, Mater. Sci. and Eng., 400 (2005) 268-278.

[154] J. R. Greer and W. D. Nix, Size dependence of mechani-
cal properties of gold at the sub-micron scale, App. Phys. A,
80 (8) (2005) 1625-1629.

[155] H. Bei, S. Shim, E. P. George, M. K. Miller, E. G. Herbert
and G. M. Pharr, Compressive strengths of molybdenum al-
loy micro-pillars prepared using a new technique, Scripta
Mater., 57 (5) (2007) 397-400.

[156] S. Ho, C. Ravindran and G. D. Hibbard, Magnesium alloy
micro-truss materials, Scripta Mater., 62 (1) (2010) 21-24.

[157] W. J. Porter, M. D. Uchic, R. John and N. B. Barnas,
Compression property determination of a gamma titanium
aluminide alloy using micro-specimens, Scripta Mater., 61
(7) (2009) 678-681.

[158] B. Moser, K. Wasmer, L. Barbieri and J. Michler,
Strength and fracture of Si micropillars: A new scanning
electron microscopy-based micro-compression test, J. of Ma-
ter. Res., 22 (4) (2007) 1004-1011.

[159] M. Legros, B. R. Elliot, M. N. Rittner, J. R. Weertman
and K. J. Hemker, Microsample tensile testing of nanocrys-
talline metals, Philos. Mag. A, 80 (4) (2000) 1017-1026.

[160] R. L. Edwards, G. Coles and W. N. Sharpe Jr., Compari-
son of tensile and bulge tests for thin-film silicon nitride,
Exp. Mech., 44 (1) (2004) 49-54.



560 M. F. Pantano et al. / Journal of Mechanical Science and Technology 26 (2) (2012) 545~561

[161] M. Qasmi, P. Delobelle, F. Richard and A. Bosseboeuf,
Effect of the residual stress on the determination through
nanoindentation technique of the Young's modulus of W thin
film deposit on Si02/Si substrate, Surface & Coatings Tech-
nol., 200 (14-15) (2006) 4185-4194.

[162] J. N. Florando and W. D. Nix, A microbeam bending
method for studying stress—strain relations for metal thin
films on silicon substrates, J. of Mech. and Phys. of Solids,
53 (3) (2004) 619-638.

[163] J.-P. Salvetat, A. Kulik, J.-M. Bonard, G. A. D. Briggs, T.
Stockli, K. Metenier, S. Bonnamy, F. Beguin, N. A. Burn-
ham and L. Forro, Elastic modulus of ordered and disordered
multiwalled carbon nanotubes, Advanced Materials, 11 (2)
(1999) 161-165.

[164] C.F.Tsou, H. C.Li, T. H. Lai, C. C. Hsu and W. L. Feng,
Bending characterization of electroplated nickel microbeams,
Sens. and Mater., 19 (2) (2007) 79-94.

[165] T. Namazu, Y. Isono and T. Tanaka, Evaluation of size
effect on mechanical properties of single crystal silicon by
nanoscale bending test using AFM, J. of Microelectromech.,
Syst. 9 (4) (2000) 450-459.

[166] A. J. Kalkman, A. H. Verbruggen and G. C. A. M.
Janssen, Young's modulus measurements and grain bound-
ary sliding in free-standing thin metal films, App. Phys. Lett.,
78 (18) (2001) 2673-2675.

[167] B. Peng, N. Pugno and H. D. Espinosa, An analysis of the
membrane deflection experiment used in the investigation of
mechanical properties of freestanding submicron thin films,
Int. J. of Solids and Structures, 43 (11-12) (2006) 3292-3305.

[168] N. Pugno, B. Peng and H. D Espinosa, Pre dictions of
strength in MEMS components - A novel experimental-
theoretical approach, I J. of Solids and Structures, 42 (2)
(2005) 647-661.

[169] H. D. Espinosa, B. C. Prorok and B. Peng, Plasticity size
effects in freestanding submicron polycrystalline FCC films
subjected to pure tension, J. of Mech Phys. And Solid, 52 (3)
(2004) 667-689.

[170] L.Wang, C. Liang and B. C. Prorok, A comparison of testing
methods in assessing the elastic properties of sputter-deposited
gold films, Thin Solid Films, 515 (20-21) (2007) 7911-7918.

[171] A. Reddy, H. Kahn and A. H. Heuer, A MEMS-based
evaluation of the mechanical properties of metallic thin films,
J. of Microelectomech. Syst., 16 (3) (2007) 650-658.

[172] S. Nagappa, M. Zupan and C. A. Zorman, Mechanical
characterization of chemical-vapor-deposited polycrystalline
3C silicon carbide thin films, Scripta Mater., 59 (9) (2008)
995-998.

[173] C.J. Tong and M. T. Lin, Design and development of a
novel paddle test structure for the mechanical behavior
measurement of thin films application for MEMS, Microsyst.
Technol., 15 (8) (2009) 1207-1216.

[174] S. Sanjabi, M. Naderi, H. Z. Bidaki and S. K. Sadrmezhaad,
Characterization of sputtered NiTi shape memory alloy thin
films, Scientia Iranica Transaction, 16 (3) (2009) 248-252.

[175] K. C. Maner, M. R. Begley and W. C. Oliver, Nanome-

chanical testing of circular freestanding polymer films with
sub-micron thickness, Acta Mater., 52 (19) (2004) 5451-5460.

[176] C.Y.Nam, P. Jaroenapibal, D. E. Luzzi, S. Evoy and J. E.
Fischer, Diameter-dependent electromechanical properties of
GaN nanowires, Nano Letters, 6 (2) (2006) 153-158.

[177] G. Stan and W. Price, Quantitative measurements of indenta-
tion moduli by atomic force acoustic microscopy using a dual
reference method, Rev. of Sci. Instrum., 77 (10) (2006) 103707.

[178] M. Kopycinska-Miiller, R. H. Geiss, J. Muller and D. C.
Hurley, Elastic-property measurements of ultrathin films us-
ing atomic force acoustic microscopy, Nanotechnology, 16
(6) (2005) 703-709.

[179] F. Luo, K. W. Gao, X. L. Pang, H. S. Yang, L. J. Yang, L.
J. Qiao and Y. B. Yang, Characterization of the mechanical
properties and failure modes of hard coatings deposited by
RF magnetron sputtering, Surface & Coatings Technol., 202
(14) (2008) 3354-3359.

[180] D. T. Read, R. R. Keller, N. Barbosa and R. Geiss,
Nanoindentation round robin on thin film copper on silicon,
Metall. and Mater. Trans., 38A (13) (2007) 2242-2248.

[181] V. Chawla, R. Jayaganthan and R. Chandra, Microstruc-
tural characteristics and mechanical properties of magnetron
sputtered nanocrystalline TiN films on glass substrate, Bulle-
tin of Materials Science, 32 (2) (2009) 117-123.

[182] K. M. Lee, C. D. Yeo and A. A. Polycarpou, Mechanical
property measurements of thin-film carbon overcoat on re-
cording media towards 1 Tbit/in(2), J. of App. Phys., 99 (8)
(2006) 08G906.

[183] M. T. Lin, C. J. Tong and K. S. Shiu, Novel microtensile
method for monotonic and cyclic testing of freestanding
copper thin films, Exp. Mech., 50 (1) (2010) 55-64.

[184] W. H. Chuang, R. K. Fettig and R. Ghodssi, An electro-
static actuator for fatigue testing of low-stress LPCVD sili-
con nitride films, Sens. and Actuators A, 121 (2005) 557-565.

[185] H. Kahn, R. Ballarini, R. L. Mullen and A. H. Heuer,
Electrostatically actuated failure of microfabricated polysili-
con fracture mechanics specimens, Proc. of the Royal Soc. 4,
455 (1999) 3807-3823.

[186] C.L.Muhlstein, S. B. Brown and R. O. Ritchie, High-cycle
fatigue and durability of polycrystalline silicon thin films in
ambient air, Sens. and Actuators A, 94 (2001) 177-188.

[187] J.-H. Park, Y.-B. Chun, Y.-J. Kim, Y.-H. Huh and H.-J.
Lee, A study on the fatigue behavior of electro-plated NiCo
thin film for probe tip applications, Materialwissenschaft
und Werkstofftechnik, 40 (3) (2009) 187-191.

[188] A. Corigliano, F. Cacchione, B. de Masi and C. Riva, On-
chip electrostatically actuated bending tests for the mechani-
cal characterization of polysilicon at the micro scale, Mec-
canica, 40 (2005) 485-503.

[189] H. Ni and X. D. Li, Young’s modulus of ZnO nanobelts
measured using atomic force microscopy and nanoindenta-
tion techniques, Nanotechnology, 17 (14) (2006) 3591-3597.

[190] M. Naraghi, S. N. Arshad, 1. Chasiotis, 2011, Molecular
orientation and mechanical property size effects in elec-

trospun  polyacryolonitrile nanofibers, Polymer, doi:



M. F. Pantano et al. / Journal of Mechanical Science and Technology 26 (2) (2012) 545~561 561

10.1016/j.polymer.2011.02.013.

[191] C. Yamahata, D. Collard, T. Tetsuya, M. Kumemura, G.
Hashiguchi and H. Fuyjita, Humidiy dependence of charge
transport through DNA revealed by silicon-based nanot-

weezers manipulation, Biophysical Journal, 94 (2008) 63-70.

[192] R. A. Bernal, R. Agrawal, B. Peng, K. A. Bertness, N. A.
Sanford, A. V. Davydov and H. D. Espinosa, Effect of
growth orientation and diameter on the elasticity of GaN
nanowires. A combined in situ TEM and atomistic modeling
investigation, Nano Letters, 11 (2) (2011) 548-555.

[193] Z. Yang, R. N. Wang, S. Jia, D. Wang, B. S. Zhang, K. M.
Lau and K. J. Chen, Mechanical characterization of suspended
GaN microstructures fabricated by GaN-on-patterned-silicon
technique, Applied Physics Letters, 88 (2006) 041913.

Maria F. Pantano. She was born in
Italy. She received her B. S. degree and
M.S. degree in Mechanical Engineering
from University of Calabria (Italy) in
2007 and 2009, respectively. Since 2009
she is a Ph.D student at the Department
of Mechanical Engineering at Univer-
sity of Calabria. Her scientific interests
include the mechanical characterization of materials at mi-
cro/nanoscale and design and modeling of microelectrome-
chanical systems.

Horacio D. Espinosa. He is the James
and Nancy Farley Professor of Mechani-
cal Engineering at Northwestern Univer-
sity. He received his Ph.D. in Applied
Mechanics from Brown University, in
1992. He has made contributions in the
areas of dynamic failure of advanced
materials, micro and nanomechanics. He
has published over 200 technical papers. Professor Espinosa is
a member of the European Academy of Arts and Sciences, the
Russian Academy of Engineering and Fellow of AAM,
ASME, and SEM. His research interests are on biomimetics,
size scale electro-mechanical properties of nanomaterials,
NEMS, and the development of microdevices for single cell
studies.

Leonardo Pagnotta. He is currently a
full professor at the Faculty of Engineer-
ing at University of Calabria, Italy. He
graduated in Mechanical Engineering at
University of Calabria in 1984 and re-
ceived his Ph.D in Mechanics of Materi-
als from University of Pisa (Italy) in
1990. His research interests include me-
chanical behaviour of materials, experimental mechanics and
mechanical engineering design.



