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a b s t r a c t

Nanomechanical experiments on 1-D and 2-Dmaterials are typically conducted at quasi-static strain rates
of 10−4/s, while their analysis using molecular dynamic (MD) simulations are conducted at ultra-high
strain rates of 106/s and above. This large order of magnitude difference in the strain rates prevents a
direct one-on-one comparison between experiments and simulations. In order to close this gap in strain
rates, nanoscale actuation/sensing options were explored to increase the experimental strain rates. Using
a combination of COMSOL multiphysics finite element simulations and experiments, it is shown that
thermal actuation, which uses structural expansion due to Joule heating, is capable of executing uniaxial
nanomechanical testing up to a strain rate of 100/s. The limitation arises from system inertia and thermal
transients. In contrast, piezoelectric actuation can respond in the GHz frequency range. However, given
that the piezoelectric displacement is limited in range, a sagittal displacement amplification scheme
is examined in the actuator design, which imposes a lower frequency limit for operation. Through a
combination of analytical calculations and COMSOL dynamic analysis, it is shown that a piezoelectric
actuator along with a displacement amplifier is capable of achieving ultra-high strain rates of ∼106/s
during nanomechanical testing.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, nanomaterials such as nanowires, nanotubes and
nanoribbons are being exploited in applications such as high fre-
quency resonators [1] and nanomechanical switches [2,3], which
operate in the kHz–GHz regime. This requires their material prop-
erties to be characterized at high frequencies, in order to provide
correct data for input into finite element models of the devices.
Also, from a theoretical standpoint it is vital to gain insight into
nanomaterials at a wide range of strain rates.

In the past two decades, research on experimental nanome-
chanics has focused on obtaining the properties of a variety of
nanomaterials from metallic nanowires to carbon based 1-D and
2-D materials, e.g., nanotubes, graphene and more recently, to
transition metal dichalcogenides (TMDC) [4–6]. The most com-
mon experiments used to explore the nanomechanical proper-
ties of these materials, are atomic force microscopy (AFM) [7,8]
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and nanoindentation [9], while micro-electromechanical systems
(MEMS) based testing platforms [5,10,11] have been used for ex-
ploring material properties via in situ electron microscopy. These
experimental efforts typically reveal size-effects, while strain rate
effects, especially at strain rates beyond 0.01/s remain largely
unexplored experimentally [12,13]. The main reason for the lack
of nanoscale experiments at high strain rates is the requirement of
fast actuation systems and concurrent fast response load cells with
nano-Newton resolution. Nanoindentation has been used previ-
ously in the literature to conduct compression tests on sub-micron
scale pillars at a strain rate of ∼0.1/s. But for achieving higher
strain rates, MEMS based testing platforms offer a combination
of fast actuation speeds, due to their low mass, and fast response
capacitive load cells based on electronic sensing [10].

The strain rate dependent behaviors of nanomaterials have
been explored extensively using simulations, such asmolecular dy-
namics (MD) and dislocation dynamics (DD). These computational
tools are typically used to obtain a ‘‘qualitative’’ understanding of
the deformationmechanisms in nanomaterials, as the quantitative
results vary significantly depending on the chosen interatomic
potential or force field [14].

https://doi.org/10.1016/j.eml.2017.12.006
2352-4316/© 2018 Elsevier Ltd. All rights reserved.
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The paper begins by reporting atomistic high strain rate simu-
lations of single crystal silver nanowires to illustrate and motivate
the need for developing high strain rate testing platforms that
can unambiguously identify nanomaterials’mechanical properties.
These experiments will be eventually used to test and validate
availableMD force fields. Two different actuationmethods, namely
thermal and piezoelectric, that can be implemented inMEMS plat-
forms for testing 1-D and 2-D nanomaterials at high strain rates,
were considered. A combination of COMSOL multiphysics finite
element modeling (FEM), experiments, and analytical modeling
were used to analyze the capabilities of these actuation methods
for conducting high strain rate nanomechanical testing. We find
that the thermal actuator is capable of actuating at speeds up to
10 µm/s, which translates to a strain rate of ∼3/s for a nanowire
with gage length of 3 µm. On the other hand, piezoelectric actua-
tion is capable of applying strain rates of ∼106/s to a nanowire of
similar gage length.

2. Molecular dynamic simulations and its shortcomings

In order to predict the mechanical properties of materials, typ-
ical MD simulations use interatomic potentials that simplify the
system to pair-wise interactions. In the case of metallic nanomate-
rials, MD simulations are typically conducted using the Embedded
Atom Method (EAM). For example, the EAM potential developed
by Foiles et al. [15] was applied to three different families of crys-
talline silver nanowires to ascertain their mechanical properties at
an ultra-high strain rate of 108/s, as shown in Fig. 1(a). The EAM
based potentials include many-body interactions; hence they are
capable of differentiating between atoms in the surface and the
bulk. These EAM potentials are developed using a combination of
pair-wise interactions and an embedding function. Typically, the
pair-wise interactions are parameterized to recover bulk proper-
ties such as lattice constants, elastic constants and stacking fault
energies. The embedding function, on the other hand, is obtained
from first principle calculations such as density functional theory
[15]. Given that these EAM potentials can only be fit to a limited
number of experimental data, they may not be able to capture
the entire phase space, and eventually this leads to some short-
comings. Specifically, for the case of metallic nanowires, different
potentials result in different yield strain deformation and harden-
ing mechanisms [16]. Research shows that key intrinsic properties
leading to more accurate predictions of yield and plastic behavior
of metals are the intrinsic stacking fault energy, which determines
the width of dislocation dissociation, and the unstable stacking
fault energy, which can be viewed as the activation barrier that
should be overcome when an intrinsic stacking fault is created
[17]. These properties are used for the parameterization of various
potentials. For example, as shown in Fig. 1(b), when different EAM
potentials are applied to the same bicrystalline nanowire tested
in tension, the results varied in the predicted yield stress, yield
strain, and the subsequent plasticity behavior. Therefore, amethod
of validating these EAM potentials needs to be established. Due to
computational limitations, the strain rates achievable in atomistic
simulations of nanostructures are on the order of 106/s or higher
[18]. By contrast, strain rates achieved in experiments typically
do not exceed 100/s. Thus, till now a true one-to-one comparison
between experiments and MD simulations has not been possible,
motivating examination of experimental platforms that can close
this gap in knowledge. To circumvent this limitation, MD results
are typically extrapolated using rate-dependent thermodynamic
models based on the activation energy required to drive the pro-
cess of interest [19]. The energy landscape is computed via atom-
istic simulations and then employed to extrapolate behavior at
slower strain rates [20]. For example, classical dislocation nucle-
ation theory [18,21] has been used to extrapolate MD simulation
results to experimental yield stresses [10].

On the other hand, parallel replica dynamics [22] replicates the
original configuration of the system on multiple processors and
monitors for the first transition event. Once a processor detects
an event, all the processors are stopped and the simulation clock
is advanced by the sum of the trajectory times accumulated by all
the replicas from the beginning. Then, on the one processor where
the transition event occurred, the replica is integrated forward
for a specific pre-chosen time, so that new transitions may occur.
This replica becomes the new configuration of the system and the
entire protocol is repeated. This method thus extends the MD time
scales with high-efficiency. Unfortunately, this method has been
used only for ultra-small systemswith a few hundred atoms, as the
transitions become too frequent in larger systems [23]. Thus, our
aim is to provide the means for development of a ‘‘quantitative’’
force field and means for validating theoretical models of defect
nucleation [10,24].

3. MEMS with thermal actuation — strain rates up to 1/s

A typical MEMS nanomechanical testing platform consists of an
actuator, a load sensor and a 1-D/2-D sample of interest, which
is mounted in-between the actuator and the load sensor [27].
The fast response load detection is typically accomplished using
capacitance based sensing as discussed in detail elsewhere [28].
The key challenge in these tests is providing a controlled actuation
motion at the nanometer range. A variety of actuationmethods has
been reported in the literature including, thermal, electrostatic and
magnetic approaches [10,29,30]. Thermal actuation with its high-
force and large-displacement capability [31], is a reliable and stable
method to conduct quasi-static testing of a variety of materials
such as nanotubes [6,27,32], nanowires [10,33] and thin films [34].
Thermal actuator beams are typically attached at a specific angle
on both sides of a freestanding central shuttle, while the other
end of the beams is fixed to the substrate [27]. When a voltage
is applied to the beams, the current flow generates Joule heating,
with commensurate thermal expansion and in turn central shuttle
displacement [35]. As such, the thermal actuator generates an
axial displacement to one end of the sample while the other end
is connected to an interdigitated capacitive load sensor, whose
stiffness is chosen to achieve a desired sample elongation. A more
detailed explanation of the aforementioned testing concept with
this MEMS platform is available elsewhere [36].

For high strain rate testing, the challenge is not only to produce
controlled nanometer scale displacements, but also to achieve
them at high speed. This requires a study of the voltage profiles
applied to the actuator beams, such that a known time-varying
displacement is applied to the sample by the thermal actuator. In
the dynamic analysis, the mass of the thermal actuator beams, the
heat sink beams (to avoid sample heating), and the central shuttle
to which the nanowire is attached were considered. In order to
achieve actuation at high speeds and increase the dynamic range
of the system, the mass has to be kept as low as possible. The mass
of the actuation system, employed in this study, was calculated
using the density of silicon and the volume of the actuator as 21µg.
Using multiphysics finite element simulations, it was ascertained
that the inherent low mass of the MEMS device allows actuation
speeds of ∼10 µm/s, see Fig. 2(a). Above this speed, the system
starts to lag behind the applied voltage due to inertia and rate-
limiting heat transfer, as shown in Fig. 2(b).

In order to validate the simulations, experiments were con-
ducted using a MEMS device with glued thermal actuator and
load sensor shuttle such that the capacitive measurement could be
used to detect the actuator displacement. The experimental mea-
surement is shown in Fig. 2(c). Using the same voltage amplitude
and different time histories, the thermal actuator was actuated at
different speeds. As expected, due to dynamic effects, the thermal
actuator lags beyond a speed of 10µm/s as shown in Fig. 2(d). This
speed translates to a strain rate of ∼2/s while testing nanowires of
diameter ∼40 nm, with a gage length of ∼ 3 µm [10].
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Fig. 1. (a) Tensile properties of three different silver nanowires penta-twinned, bicrystalline and single crystal explored using the EAM potential and (b) Stress–strain curves
of bicrystalline nanowires obtained from MD simulations, using three different force fields [15,25,26].

Fig. 2. (a) FEM model of the thermal actuator (TA) used in FEM multiphysics simulations. (b) Displacement as actuator increases at different speeds showing lag beyond
10 µm/s. (c) Experiments on MEMS device with glued actuator and sensor shuttles as shown in (d). Experiments confirmed that the system lags beyond 10 µm/s. (e) The
shuttles of the thermal actuator with holes for mass reduction. (f) Magnified image of the glued shuttles.

4. MEMSwith piezoelectric actuation — strain rates up to 106/s

In order to conduct experiments similar to the ultra-high strain
rates used inMD simulations, aMEMSdevicewith higher actuation
speeds needs to be designed. Given that the piezoelectric crystals
can respond to an applied field into the GHz frequency range
[37,38] (albeitwith progressively reduced amplitude as the various
device resonance frequencies are exceeded), we hypothesized that
using piezoelectric materials it is possible to design systems that
can achieve high actuation speeds and high dynamic ranges. The
actuation is based on the converse piezoelectric effect, namely,
when a piezoelectric material is subjected to an electric potential
difference, it deforms. The idea is to use such deformation to

stretch the nanowire sample uniaxially. Piezoelectric actuation
is already established as a method for achieving high dynamic
response [39,40]. Other advantages of using piezoelectric thin-
films for actuation are the high force and low input voltage. The
typical piezoelectric materials previously used in MEMS fabrica-
tion are AluminumNitride (AlN) and Lead Zirconate Titanate (PZT)
[39,41,42]. The AlN thin films are easy to fabricate and have a
piezoelectric strain coefficient d31,f of ∼1.95 pm/V [39]. These
films have been used previously in a multitude of actuators and
sensors [43]. However, the deformation that is obtained, through
the converse piezoelectric effect of AlN thin films, is insufficient
for straining metallic nanowire samples to failure, for realistic film
thicknesses. On the other hand, PZT thin films of 1 µm thickness



R. Ramachandramoorthy et al. / Extreme Mechanics Letters 20 (2018) 14–20 17

have a much higher d31,f value of ∼30–50 pm/V [39], and thus are
capable of producing larger deformations.

We began by studying the simplified piezoelectric system
shown in Fig. 3. An 800 µm long PZT piezoelectric element is
examined to ascertain if it is indeed capable of delivering the
appropriate displacement required to deform metallic nanowires
till failure. A typical strain needed to break a silver nanowire of
100 nm in diameter, with a gage length of ∼2 µm, can be ∼15%,
taking into account both the elastic and plastic deformation. The
simplified system considered here is a symmetric layered structure
composed of a PZT thin layer (0.4 µm thickness), two platinum
electrodes (0.1 µm thickness), one on the top and the other on the
bottomof the piezoelectricmaterial and finally, a support structure
of SiO2 layer (0.2 µm thickness) on top and bottom. The schematic
of this simplified system’s cross-section is shown in Fig. 3(a). Also,
the nanowire was simulated as a fixed spring clamped on one end
and the other end fixed to the piezoelectric system, see Fig. 3(b).
The spring was simulated with the stiffness of a 100 nm diameter
silver nanowire (knw).

Using the mechanical boundary conditions shown in Fig. 3(b),
the FEM simulation result showed that with an applied voltage of
12 V, themaximumdisplacement obtained is 0.28µmor a strain of
12% for a nanowire with a gage length of 2 µm. Such displacement
would not be enough to strain metallic nanowires till failure. Thus,
in order to increase the deformation obtained from the piezoelec-
tric layer, we subsequently investigated a displacement amplifica-
tion scheme, similar to the ones reported in the literature [42,44].
One of the typical amplification schemes used with piezoelectric
actuators is flextensional actuators, including moonie and cymbal
actuators [45]. In the moonie amplification scheme the displace-
ment is amplified by flexural motion of the end caps attached to
the top and bottom of the piezoelectric element [46]. On the other
hand, in the cymbal amplification scheme the net displacement
is a result of combination of flexural and rotational motions of
the end caps [47]. It is also known that the piezoelectric actuators
implemented with cymbal amplification schemes generate higher
displacement and force compared to their moonie counterparts
[45]. Thus, in this work we have designed an amplification scheme
similar to the cymbal amplification scheme with flexural beams
attached using hinges.

5. Piezoelectric actuator with displacement amplification
scheme

The piezoelectric element shown in the previous section was
embodied with a mechanical frame possessing hinges, such that
displacement amplification can be achieved. A sagittal displace-
ment amplifier was chosen for this purpose and its working princi-
ple is schematically shown in Fig. 4(a) [44,48]. The kinematic prin-
ciple behind this sagittal amplification scheme is simple, the force
applied to the side hinges by the piezoelectric actuator generates
an amplified displacement in the vertical direction, as shown in
Fig. 4(a). Under the assumption that the flexure hinges are pure
rotational joints, an input displacement ux translates into the am-
plified output displacement uy. To derive an analytical expression,
we assume that the four diagonal beams have infinite stiffness and
the entire structure has one degree of freedom.

The amplification factor, ‘a’, is defined as the ratio between the
vertical and the horizontal displacement, as shown in Fig. 4(a).
From the kinematics shown, the ratio can be obtained using ge-
ometry as viz.,

a =
uy

ux
=

sin
(
α′

)
− sin (α)

cos (α) − cos (α′)
(1)

where α is the initial diagonal beam angle and α′ is the final
diagonal beam angle. Since, δ = α′

− α, the difference between

α′ and α, is small, using first order Taylor approximation, Eq. (1)
can be simplified to

uy

ux
=

sin
(
α′

)
− sin (α)

cos (α) − cos (α′)

≈
sin (α) + δ cos (α) − sin (α)

cos (α) − [cos (α) − δ sin(α)]
=

1
tan (α)

(2)

In this simplified geometric model though, the compliances of
the piezoelectric element and specimen are not included, which
also influence the displacement and amplification ratios of the sys-
tem. We account for such compliances in the following analytical
formulation.

When a voltage is applied on the piezoelectric element, a force
F is transmitted to the displacement amplifier through the joints B
and B′, as shown in Fig. 4(a). Using typical force balance gives
knwuy

F
= tan

(
α′

)
≈ tan (α) (3)

where knw is the stiffness of the nanowire. In the situation where
the piezoelectric element has a finite stiffness kp, the voltage-
induced expansion ux is affected due to the constraint from the
frame. The actual expansion is reduced by F/kp. Therefore, Eq. (2)
becomes

uy

ux −
F
kp

=
1

tan (α)
(4)

Combining Eqs. (3) and (4), the amplification factor with the
different stiffnesses accounted for is given by:

a =
uy

ux
=

tan (α)

tan2 (α) +
knw
kp

(5)

Thus the amplification is a function of the stiffness of the
nanowire. The vertical displacement uy decreases as the nanowire
stiffness increases. For example, a silver nanowire with a diameter
of 100 nm and a length of 2 µm has a stiffness of knw = 326 N/m.
A PZT beam with dimensions shown in Figs. 3(a) and 4(b) has a
stiffness kp of 15000 N/m. Thus, kp ≫ knw , which simplifies Eq. (5)
to Eq. (2).

Applying a voltage of 10 V between the electrodes, the hor-
izontal displacement of the piezoelectric element ux is 0.1 µm,
identified using FEM multiphysics simulations. Employing an ini-
tial diagonal beam angle of 15◦, the nanowire displacement is
∼746 nm. This displacement translates to a strain of ∼37.3% for
a nanowire gage length of ∼2 µm, which is more than enough for
tensile testing metallic nanowires till failure.

In order to validate the results obtained from the analytical
calculations based on the simplified model and to understand the
dynamic response of the system, a finite element analysis (FEA)
was employed. The geometry shown in Fig. 4(b) was chosen for the
piezoelectric actuator. The beams with lowwidth form the hinges,
to allow for the relative rotation between the piezoelectric element
and the diagonal beams. Fourmovable diagonal beamswere placed
on each side to avoid a torsional movement of the shuttle resulting
from a stiff nanowire potentially mounted at an off-centered po-
sition on the actuator shuttle. The moving structure is supported
by multiple thin beams on all four corners and the nanowire is
fixed on themoving shuttle. The 3D CADmodel of the actuator was
built using Rhinoceros software and subsequently imported into
FEMmultiphysics software to conduct non-linear dynamic analysis
using a combination of solid mechanics and electrostatics.

As seen from Fig. 4(d), only half of the geometry is used in the
FEM simulations, as this condition of symmetry allowed for faster
analysis. The boundary conditions imposed on the model are A,
A′, A′′: symmetry condition; B, B′, C: fixed; and C′: simple spring
with displacement = knwuy. In the FEM analysis, an electric field is
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Fig. 3. (a) Schematic of the simplified piezoelectric system simulated in COMSOL FEMmultiphysics software to ascertain the displacement range of the piezoelectric actuator.
(b) Boundary conditions used in the simulation.

Fig. 4. (a) Scheme of the sagittal amplification of piezoelectric displacement. (b) Shape and components of the piezoelectric actuator. (c) Cross-sections of the piezoelectric
actuator, showing the different layers used in themodel (Refer Fig. 4(b)). (d) 3-Dmodel used in FEM software to conduct the electro-mechanics simulationwith piezoelectric
coupling. (e) Meshed 3-D model showing the prism elements. Inset shows the hinges that connect the piezoelectric element with the diagonal beams.

applied in the z-direction to actuate the piezoelectric membrane;
meaning an electric potential was applied between the top and
bottom faces of the piezoelectric layer. Since the piezoelectric ac-
tuator is a composite ofmany thin layered structureswith different

thickness as shown in Fig. 4(c), prismatic elements were used
for meshing. As shown in Fig. 4(e), the mesh was built as planar
triangles on the top layer and then extruded in the z-direction. The
piezoelectric actuator is meshed with prisms (Fig. 4(e)), to provide
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Fig. 5. (a) FEM simulation result showing the y-displacement of the piezoelectric MEMS with mechanical amplification as a function of voltage amplitude (shown in (b)) at
different time scales (c) The displacement profile of the piezoelectric MEMS with amplification at an applied voltage of 10 V.

modeling flexibility and accurate results compared to other type
of meshes for thin layered structures [49]. Also, since the hinges
and beams had small cross-sections compared to the rest of the
structure, the minimum length of the single element edge was
reduced in the simulation. As such, a mesh with gradually varying
element size was obtained, as the mesh transitions from larger
structures to the small hinge parts in the structure. The stiffness
of a silver nanowire with 100 nm diameter and 2µm length,∼326
N/m,was prescribed on the top part of the central shuttle, Fig. 4(b).

In order to compute the actuation speeds the piezoelectric ac-
tuator is capable of, a nonlinear dynamic analysis was performed.
This electro-mechanical implicit problem was solved using the
Newton–Raphson algorithm, taking into account the piezoelectric
coupling. The dynamic analysis was conducted using FEM by ap-
plying the following voltage (V ) history:{
V = 0 t ≤ 0
V = V0 t > 0

(6)

The results of the shuttle displacement in the y-direction while
attached to a nanowire with a diameter of 60 nm and when a
voltage step function with amplitude of 10 V is applied on the
piezoelectric actuator is shown in Fig. 5(a).

The same analysis was run again with a more realistic slower
application of the voltage, a time-dependent linear function, viz.,⎧⎨⎩V = V0

t
t0

t ≤ t0

V = V0 t > t0
(7)

This scenario ismore realistic because of the finite power supply
from the source. A ramping time t0 = 0.1 ms and t0 = 0.2 ms,
to achieve the maximum applied voltage V0 as representatively
shown in Fig. 5(b) was used in the simulations. As seen from
Fig. 5(a) and (c) a displacement of ∼650 nm is achieved for all the
silver nanowires of varied diameters, which is sufficient to strain
them elasticity even up to ∼ 32.5%, given a gage length of 2 µm at
strain rates of ∼ 106/s.

The results showed that if the voltage is applied with a linear
function, the dynamic response of the system is also linear. Thus,

in order to conduct nanomechanical tests at different strain rates,
only the time scale of the applied voltage needs to be modified,
limited only by the first resonance mode at 1.07 MHz.

The fabrication process for such a piezoelectric MEMS device
should focus on obtaining a piezoelectric element that is perfectly
symmetric with respect of the x–y plane, in order to avoid out-of-
plane bending of the device. While this might be challenging in
practice, it is, in principle, possible [39,41]. As such, the fabrication
and the experimental characterization of this piezoMEMS device
are left for future work.

6. Conclusions

MD simulations have proven to be very useful in understanding
deformation mechanisms and size effects in nanomaterials. How-
ever, quantitative prediction of material properties has beenmuch
less satisfactory. For example, metallic nanowires studiedwith dif-
ferent force fields showed significant variations in the quantitative
predictions of yield and strength. In order to validate such force
fields, ways to conduct nanomechanical experiments at high strain
rates need to be explored. Using a combination of FEM simulations
and experiments, two different MEMS actuators, namely thermal
and piezoelectric were explored. Thermal actuator can be used for
conducting experiments on nanomaterials up to a strain rate of 1/s.
Beyond this, the system starts to lag due to inertia and unavoidable
thermal transients. In order to increase the actuation speed even
further, piezoelectric actuation is referenced. Using a combination
of analytical calculations and finite element modeling, a PZT actu-
ator was explored. The analysis shows that a sagittal amplification
scheme can apply the required displacements and force to a typical
metallic nanowire and deform it at ultra-high speeds of ∼1.2 m/s,
an approximately six orders ofmagnitude increase in the actuation
speeds achievable with a thermal actuator. In summary, we estab-
lish a pathway to nanomechanical testing at ultra-high strain rates,
which will enable a direct comparison to MD simulations.
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