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Abstract—Characterizing the fatigue and fracture properties of 
nanostructures is one of the most challenging tasks in nanoscience 
and nanotechnology due to lack of a MEMS/NEMS device for 
generating uniform cyclic loadings at high frequencies. Here, the 
dynamic response of a recently proposed MEMS/NEMS device under 
different inputs signals is completely investigated. This 
MEMS/NEMS device is designed and modeled based on the 
electromagnetic force induced between paired parallel wires carrying 
electrical currents, known as Ampere’s Force Law (AFL). Since this 
MEMS/NEMS device only uses two paired wires for actuation part 
and sensing part, it represents highly sensitive and linear response for 
nanostructures with any stiffness and shapes (single or arrays of 
nanowires, nanotubes, nanosheets or nanowalls). In addition to 
studying the maximum gains at different resonance frequencies of the 
MEMS/NEMS device, its dynamical responses are investigated for 
different inputs and nanostructure properties to demonstrate the 
capability, usability, and reliability of the device for wide range of 
nanostructures. This MEMS/NEMS device can be readily integrated 
into SEM/TEM instruments to provide real time study of the fatigue 
and fracture properties of nanostructures as well as their softening or 
hardening behaviors, and initiation and/or propagation of nanocracks 
in them. 
 

Keywords—Ampere’s force law, dynamical response, fatigue 
and fracture characterization, paired wire actuators and sensors, 
MEMS/NEMS devices. 

I. INTRODUCTION 

HE boundless benefits of the size-dependency and 
quantum effects of nanostructured materials, such as 

nanowires, nanotubes and nanosheets, became a driving force 
guiding the future technologies toward smaller and smaller 
dimensions [1]-[7]. This driving force made the 
nanotechnologies at the central focus in all research fields in 
all over the world. The mechanical properties of these 
nanostructured materials require to be precisely determined 
before being implemented into any nanodevices, such as 
electronic, nanophotonic and nanophononic devices. The 
mechanical performance of these nanodevices plays a critical 
role in the quantum efficiency of these nanodevices [8], [9]. 
That is why, in addition to the partial fractures during the 
fabrication processes as well as the strains/stresses induced by 
lattice mismatch between the nanodevices and their substrates, 
these nanodevices are repeatedly under the cyclic thermal 
loadings induced by thermal stresses/strains as a result of the 
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heat lost in the nanodevices. These cyclic strains/stresses 
significantly reduce the quantum efficiency of the nanodevices 
by making nonhomogeneous distributions of the carriers and 
reducing the mobilities of the carriers in the active region [9]- 
[11]. 

Regardless of numerous well-established experimental 
techniques for understanding the mechanical properties of the 
nanostructures under static loadings [12]-[18], there are a few 
attempts in understanding the mechanical properties of the 
nanostructures under cyclic loadings. The main drawback for 
studying the mechanical properties of the nanostructures under 
cycling loadings (also named fatigue and fracture properties) 
is the designing of a microelectromechanical device 
(NEMS/MEMS device) with fast and linear dynamical 
response at high frequencies. To the best knowledge of the 
author, there are only three different proposed NEMS/MEMS 
devices for fatigue and fracture characterization of the 
nanostructures [19]-[222]. These NEMS/MEMS devices can 
be categorized into three categories, as electrostatic 
NEMS/MEMS devices, electrothermal NEMS/MEMS 
devices, and piezoelectric NEMS/MEMS devices. 

One cannot apply large current/voltage to the electrostatic-
based MEMS/NEMS devices because the large electrostatic 
forces between the substrate and the combs cause the bending 
of the combs and failure of the device [23], [24]. 
Consequently, the electrostatic-based MEMS/NEMS devices 
usually produce less force in contrast to other MEMS/NEMS 
devices, such as electrothermal-based MEMS/NEMS devices 
[22], [25]. However, an alternative is to increase the number 
of the combs or to design a complex flexible structure for 
generating large displacements/forces which cause the 
nonlinear dynamical response of the electrostatic 
NEMS/MEMS devices. In contrast to the electrostatic 
actuators, the electrothermal can generate large displacements 
in the costs of high power consumptions and highly nonlinear 
dynamical behaviors due to the coupled thermal-mechanical 
effects [26], [27]. Similarly, the piezoelectric NEMS/MEMS 
devices behave a very nonlinear response due to coupled 
electrical-mechanical effects. The nonlinear behavior of all 
NEMS/MEMS devices is the main reason for the lack of 
information about the fatigue and fracture properties of the 
nanostructures. 

To eliminate this lack of knowledge, a new NEMS/MEMS 
device for fatigue and fracture characterizing the 
nanostructures was proposed by this author [28]. In this 
NEMS/MEMS device (called PWCC device), two paired 
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wires carrying currents are used to generate sufficient static 
and dynamic loadings as well as their combinations for fatigue 
and fracture characterization of the nanostructures. The 
currents passing through the paired wires induce a magnetic 
force on the wires according to the Amperes’ force law. 
Designing the actuator part and sensor part of the PWCC 
devices using the AFL results in a very simple and cost-
effective NEMS/MEMS device with low power consumption 
and high sensitivity appropriate for fatigue and fracture 
characterization of the nanostructures. 

The previous works on the PWCC devices, [22], [23], 
mainly focused on the designing the PWCC devices with 
considering the practical limitations in addition to analyzing 
the sensitivity of these devices. However, since the main 
application of the PWCC devices is generating cyclic loadings 
at high frequencies, the dynamical response of them plays a 
significant role on the performance of the PWCC devices and 
their capability for fatigue and fracture characterizing of the 
nanostructures. Therefore, here the dynamical response of the 
PWCC devices is comprehensively studied for different input 
signals. Furthermore, the effects of the mechanical properties 
of the nanostructures on the dynamical response of the PWCC 
devices are investigated as well. 

II. MODELING 

A schematic view of the PWCC devices is provided in Fig. 
1. The magnetic field generated by the parallel wires I and II 
produces an attractive or repulsive force applying on the wires 
I and II, therefore the wires I and II are the only two parts 
making the actuation part of the PWCC devices. The wire II is 
connected to the wire III by the nanostructure as shown in Fig. 
1. The nanostructure, which can be a single or arrays of 
nanowires, nanotubes or even a patterned thin film or 
nanosheet, causes the wire III to vibrate. The vibration of the 
wire III can be sensed as an oscillating signal in the wire IV, 
therefore the wires III and IV are the only two parts making 
the sensor part of the PWCC device. It should be mentioned 
that, in order to sense a signal at the wire IV, at least one of 
the wires III or IV must have a DC current. 

 

 

Fig. 1 A schematic view of the PWCC device. The nanostructure is 
shown to be a single nanowire which can be an array of 

nanowires/nanotubes or thin films, nanosheets/nanowalls 
 
The cross-sections of the wires I and II are shown in Fig. 2. 

The cross-sections are considered rectangular shape to be 

compatible with the photolithography processes. The wires are 
considered along the y-axis in the z-y plane, and the origin on 
of the coordinate system is placed at the center of the wire I. 

 

Fig. 2 The cross-section of the wires I and II making the actuator part 
of the PWCC devices. Note that the sensor part of the PWCC devices 

(wires III and IV) has the same configurations 
 
The cross-section dimensions of the wires and the distance 

between them are considered very smaller than the wires 
lengths, hence the side-effects are negligible. Neglecting the 
side-effects is equivalent with the zero-magnetic field in y-
direction. Furthermore, even though the magnetic field in z-
direction is not zero, it does not apply any force on the wire II 
due to the symmetry [21], [22]. Consequently, the only 
nonzero magnetic field component induced by each element of 
the wire I, say point P(x, z), at each element of the wire II, say 
point P0(u, v), can be determined as follows 
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where w1 is the depth of the wire I; h1 is the width of the wire 
I; S1 is the cross-section area of the wire I; i1 is the current 
passing in the wire I; and c is the light speed in the space. The 
results of the integrals in (1) are provided in [22], which can 
be used to determine the total force exerted on the wire II in z-
direction 
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where i2 is the current passing in the wire II; S2 is the cross-
section of the wire II; d12 is the distance between the center of 
the wire I to the left edge of the wire II; w2 is the depth of the 
wire II; h2 is the width of the wire II; and L2 is the length of 
the wire II. Consequently, the transfer function of the actuator 
part in the Laplace space can be determined as 
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where, II-II(s) is the Laplace transfer of the product of the i1 
and i2 currents; and F is the Laplace transfer of the Fz. 

Since the nanostructures have much smaller dimensions 
comparing to the other parts of the NEMS/MEMS devices, 
their mass is much smaller than the mass of the other parts. 
Therefore, ignoring the mass of the nanostructure, the whole 
PWCC devices can be readily modeled by two masses, wires 
II and III, connected to each other by a spring and damper, as 
it is shown in Fig. 3. The dynamic equation of motions of the 
PWCC devices in the Laplace space can be written as 
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where, XII(s) is the Laplace transfer of the wire II 
displacement; XIII(s) is the Laplace transfer of the wire III 
displacement; M2 is the mass of the wire II; M3 is the mass of 
the wire III; K2 is the spring constant of the wire II; K3 is the 
spring constant of the wire III; 2 is the damping coefficient of 

the wire II; 3 is the damping coefficient of the wire III; Kn is 
the spring constant of the nanostructure; and n is the damping 
coefficients of the nanostructure. 

 

 

Fig. 3 Dynamical modeling of the PWCC device’s structure 
 
The spring constants of the wires and the nanostructure are 

related to their dimensions and their mechanical properties as  
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where, Ej (j=2,3, n) are the Young’s modulus of the wires; Lj 
(j=2,3, n) are the length of the wires and the nanostructure; Ij 
(j=2,3) are the second moments of the area of the wires; and 
Sn is the cross-section of the nanostructure. Since the velocity 
of the wire III contributes on the signal detected at the sensor 
part of the PWCC device, the transfer function of the wire III 
velocity is derived at (6), where VIII(s) is the velocity of the 
wire III in the Laplacian space. 
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It should be emphasized that, according to [28], [29], the 

displacement of each point along wire III can be determined 
by multiplying its time response (which can be determined by 

conducting the Laplace inverses of transfer functions at (6)) 
and its eigenfunction. The eigenfunction of a continuous beam 
under fixed-fixed boundary condition, y, is [28]

 

   
    

















































3333

sinsinh
sinsinh

coscosh
coscosh)(

L

y
a

L

y
a

aa

aa

L

y
a

L

y
ay mm

mm

mm
mm                                 (7) 

 
Here, am corresponds to the mode of resonant of the wire 

III, which are the solutions of cosh(am)cos(am)=1. 
The last step of analyzing the dynamical response of the 

PWCC devices is to determine the transfer function of the 
sensing part. As it was mentioned earlier, in order to detect a 

signal at the sensing part of the PWCC devices, at least one of 
the wires III or IV must carry a current. For simplicity and 
avoiding the power consumption of the PWCC device, it is 
assumed that the wire III carries a DC current, i3. In this case, 
since the wire III’s current generates a magnetic field around 
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the wire IV while it has a relative velocity with respect to the 
wire IV, the wire III motion induces a current in the wire IV 
which must be detected as the output of the PWCC device 
[30]. The transfer function of the sensing part can be written 
as follows 
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where, VIII is the Laplace transfer of the wire III velocity; VIV 
is the Laplace of the induced voltage between the two ends of 
the wire IV; S4 is the cross-section area of the wire IV; and 
L4/2) is the value of the eigenfunction at the center of the 
wire IV. 

It should be mentioned that the PWCC device can generate 
both cyclic and static loadings depending on the wires I and II 
currents type. For the case of the static loadings, both wires I 
and II must have DC currents. However, for the case of cyclic 
loadings, at least one of the wires I or II must have an AC 
current, while the another one can be either DC or AC current. 
In the latter case, one may design an electrical circuit in order 
to pick the desired frequency and filter the remains. Therefore, 
it may be necessary to associate the PWCC device with an 
amplifier and/or filter circuit. Here, for simplicity, a common 
state variable circuit is considered. The state variable circuits’ 
cut-off frequency and gain can be tuned independently while 
keeping its Q-factor very large and narrow [31]. These unique 
features make the state variable circuits suitable for PWCC 
devices. The transfer function of a state variable circuit can be 
written as [22], [31] 
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where, Ri (i=1,2,...,8) are resistors; Ci (i=1,2) are capacitors; 
VIV is the induced voltage at the wire IV; VCircuit is the 
output signal of the state variable circuit operating at its 
bandpass mode. 

III. RESULTS 

The total transfer function of the PWCC device is 
determined by the product of the all transfer functions as  
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The first important dynamical parameters for any 
MEMS/NEMS device are the phase shift and gain in terms of 
input signal frequency. Fig. 4 depicts the total gain and phase 
shift of the PWCC device. The circuit elements of the state 
variable circuit, Ri and Ci, are chosen to have the same 
resonance frequency as the structure of the PWCC device. 
That is why the gain has a very small nonzero curvature at the 
resonance frequency even though the system is at the critical 
damping condition. 

 

 

(a) The total gain of the PWCC device 
 

 

(b) The total phase shift of the PWCC device 

Fig. 4 Total gain and phase shift of the PWCC device vs. the 
frequency normalized with respect to the 1st resonance frequency of 

the whole device for different mechanical damping ratios 
 

As the damping increases, the maximum gain decreases. 
The phase shift at the first resonance frequency is zero for all 
damping ratios. Furthermore, the phase shift has higher 
dependency on the frequency around the resonance frequency 
when the damping is very small, and it behaves almost linear 
for larger damping values. Increasing the damping ratio 
reduces the PWCC device sensitivity, which is equivalent with 
a larger phase delay. This phase delay causes phase jumps 
(discontinuities of the phase shift) to happen at frequencies 
farther away from the resonance frequency. 

In the following, the effects of the stiffness of the 
nanostructure on the dynamical response of the PWCC device 
are inspected, which is the most important parameters for an 
efficient design. Fig. 5 shows the resonance frequencies of the 
PWCC device and its maximum gain in terms of the 
nanostructure stiffness. In this configuration of the PWCC 
device, implementing a state variable circuit resulted the 
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PWCC device to have three resonance frequencies, in which 
two of them associated with the structure of the PWCC device 
and another one is associated with the circuit. Since the circuit 
is arbitrary and may be replaced with a more advanced circuit, 
its resonance frequency is not considered in evaluating the 
dynamical response of the PWCC device. One of the most 
crucial features of the PWCC devices is that the first 
resonance frequency slightly changes with respect to the 

nanostructure material or stiffness, which means that an initial 
design of the PWCC device is good enough for a wide range 
of nanostructures. Furthermore, Fig. 5 indicates that the 
maximum gain of the PWCC device does not degenerate for a 
wide range of the nanostructures if the PWCC device is 
designed to work around the 1st resonance frequency of the 
PWCC device rather than its 2nd resonance frequency.

 

 

(a) Resonance frequencies of the PWCC device normalized with respect to their resonance frequencies at Kn= 0 
 

 

(b) The maximum gains normalized with respect to their maximum gains at Kn= 0 (G0) 

Fig. 5 Investigating the effects of the nanomaterials stiffness on the resonance frequencies, (a), and the maximum gain, (b), of the PWCC 
device 

 
As it was already mentioned, the dynamical response of the 

PWCC device, or even any NEMS/MEMS devices, is the 
critical factor for successfully conducting fatigue and fracture 
experiments of the nanostructures. A successful design 
requires a linear, fast, and stable dynamical response of the 
NEMS/MEMS device for different input signals, such as 
pulsed, step or sinusoidal, at high frequencies. Fig. 6 shows 
the time response of the PWCC device under pulsed and step 
input signals, Fig. 6 (a), as well as square and sinusoidal input 
signals, Fig. 6 (b). The PWCC device provides a linear and 
stable time response for all input signals, which is an evidence 
for the capability of the PWCC device for fatigue and fracture 
experiments of the wide ranges of the nanostructures. 

 
 

IV. CONCLUSION 

This work investigates the dynamical response of the 
PWCC devices. The dynamical responses, gain and phase 
shift, of the PWCC device were examined for different 
physical parameters. Variation of the nanostructures stiffness 
slightly impacts the first resonance frequency of the PWCC 
device, which means that the device can be designed to work 
for a wide range of nanostructure samples. The maximum gain 
of the PWCC device at the first resonance frequency increases 
as the stiffness of the nanostructure increases, while it behaves 
reversely at the second resonance frequency. This behavior of 
the PWCC device proposes the importance of designing the 
PWCC device at the first resonance frequency. Furthermore, 
the dynamical analysis of the PWCC device for different input 
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signals highlights the linear, fast, and stable dynamical 
response for the PWCC device, which are the most crucial 
features of a successful design of NEMS/MEMS device for 
fatigue and fracture experiments of nanostructures. 

 

 

(a) top plot is the response for a step input signal, bottom plot is the 
response for a pulse input signal 

 

 

(b) top plot is the response for a square input signal, bottom plot is 
the response for a sinusoidal input signal at frequency equal to the 1st 

resonance frequency of the PWCC device 

Fig. 6 Dynamical response of the PWCC device for different input 
signals, II-II. The narrow gray lines in the (b) shows the input signal 
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