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Abstract—This paper presents a MEMS/NEMS device for 
fatigue and fracture characterization of nanomaterials. This device 
can apply static loads, cyclic loads, and their combinations in 
nanomechanical experiments. It is based on the electromagnetic force 
induced between paired parallel wires carrying electrical currents. 
Using this concept, the actuator and sensor parts of the device were 
designed and analyzed while considering the practical limitations. 
Since the PWCC device only uses two wires for actuation part and 
sensing part, its fabrication process is extremely easier than the 
available MEMS/NEMS devices. The total gain and phase shift of the 
MEMS/NEMS device were calculated and investigated. Furthermore, 
the maximum gain and sensitivity of the MEMS/NEMS device were 
studied to demonstrate the capability and usability of the device for 
wide range of nanomaterials samples. This device can be readily 
integrated into SEM/TEM instruments to provide real time study of 
the mechanical behaviors of nanomaterials as well as their fatigue 
and fracture properties, softening or hardening behaviors, and 
initiation and propagation of nanocracks. 

 
Keywords—Sensors and actuators, MEMS/NEMS devices, 

fatigue and fracture nanomechanical testing device, static and cyclic 
nanomechanical testing device. 

I. INTRODUCTION 

HE especial geometry and high surface to volume ratio of 
1D nanomaterials as well as 2D nanomaterials, these 

nanostructures exhibit superior quantum confinement effects 
and high mobilities of carriers which make them excellent 
building blocks for electronics, phononics, and photonics 
devices [1]-[4]. These nanostructures are fundamental building 
blocks for a broad spectrum of nanotechnology applications 
including ultrahigh sensitive sensors and actuators [5], [6]; 
energy harvesting and storage [7], [8]; selective nanomaterial 
sieving [9], flexible electronics [10], [11]; and nanostructured 
light emitters [12], [13]. The quantum efficiency of these 
nanodevices drastically depends on their mechanical 
performance. That is why these nanodevices are continuously 
under the cyclic mechanical loadings induced by thermal 
stresses/strains, boundary conditions, quantum strains/stresses 
in addition to the residual stresses/strains due to lattice 
mismatches and partial fractures that may happen during the 
fabrication processes. These strains/stresses significantly 
reduce the quantum efficiency of the nanodevices by reducing 
the mobilities of the carriers and making nonhomogeneous 
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distributions of the carriers in the active region, and eventually 
causing the failure of nanodevices [14], [15].  

The mechanical properties of 1D and 2D nanomaterials 
have been inspected using nanoindentations, uniaxial tensile 
tests, uniaxial compression tests, bending tests, and in situ 
SEM/TEM resonance techniques [16]-[18]. These techniques 
only provide the mechanical properties of the nanomaterials 
under static loadings. Consequently, to study the fatigue and 
fracture properties of the nanomaterials, the in-situ SEM/TEM 
fracture experiments were developed [19]-[22]. These 
techniques use a nanomanipulator to apply a static force on the 
nanomaterials until it breaks, where the fracture surface is 
analyzed to predict the fracture properties of the 
nanomaterials. These techniques provide a comprehensive 
information about the maximum stress/strain before fracture in 
addition to the nanomaterials behaviors in fracture. However, 
these techniques do not provide any information regarding to 
the softening or hardening behaviors of nanomaterials prior to 
fracture, the hysteresis behaviors of the nanomaterials as well 
as the propagation of the nano-cracks inside them. 

The limitations of the in-situ nanomechanical testing 
resulted in a few attempts to implement the MEMS/NEMS 
devices for fatigue and fracture experiments [23], [24]. These 
MEMS/NEMS devices consist of two main parts, actuation 
part and sensing part. The most common used actuators are 
electrothermal actuators, electrostatic actuators, magnetic-
based actuators, and piezoelectric-based actuators [25]. 
Among all these types of actuators, the electrothermal and 
electrostatic actuators have been widely used in 
nanomechanical testing MEMS/NEMS device because their 
simple fabrication and repeatable behaviors. Even though the 
unbounded growing demands of the nanomechanical testing 
techniques resulted in impressive development of the 
MEMS/NEMS devices, they are still suffering from several 
issues that limit their performance and applications. For 
example, due to the attractive forces between the combs of 
electrostatic actuators and their substrate, they cannot be 
driven at high voltages/currents [26], [27]. This limitation 
causes the electrostatic actuators to generate much smaller 
forces comparing to other types of MEMS/NEMS devices, 
especially the electrothermal actuators [28]. However, an 
alternative is to increase the number of the combs which 
increases the size of the MEMS/NEMS devices and 
complexities. Furthermore, the electrostatic actuators require 
complex flexible structures for generating large displacements 
resulting in structural nonlinearities [26], [29]. In contrast to 
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the electrostatic actuators, the electrothermal actuators do not 
suffer from these limitations. However, they generate large 
displacements in the costs of high power consumptions [30]. 
In addition to the difficulties for controlling the temperature of 
the samples during the experiment, the electrothermal 
actuators cannot be used at the cryogenic temperatures. More 
importantly, these MEMS/NEMS devices cannot apply fast, 
linear, and fully reversible cyclic loadings or their 
combinations with static loadings. The limitations of the 
nanomechanical testing techniques and MEMS/NEMS devices 
caused a huge gap between the characterizations of the 
nanomaterials under static loadings, cyclic loadings, and their 
combinations. 

To fill this gap, here a MEMS/NEMS device for fatigue and 
fracture characterizations of nanomaterials under 
combinations of loadings is proposed and analyzed. This 
device is based on the paired wires carrying currents (PWCC) 
concept, which states that two parallel wires carrying currents 
exert force on each other due to their magnetic fields. This 
physics concept was implemented to design and analyse the 
actuator part and sensor part of the PWCC device, which 
drastically reduce the complexity of the actuator part and 

sensor part resulting in ceasing the fabrication and 
characterization of the PWCC device. 

II. DESIGN AND ANALYSIS 

Fig. 1 shows the proposed structure for the PWCC device. 
The currents passing through the wire 1 and 2 generate a 
magnetic field surrounding them. This magnetic field results 
in an attractive or repulsive force applying on the wires 1 and 
2 depending on their currents relative directions. The wires 1 
and 2 act as the actuator for this PWCC device to generate a 
force/displacement on the wire 3, which can either be a 1D or 
2D nanomaterials samples for testing. The wire 3 is connected 
to the wire 4, which leads the wire 4 to start moving in the 
magnetic field generated by the wire 5. Movement of the wire 
4 in the magnetic field of the wire 5 generates a current in the 
wire 4, which can be detected and analyzed to understand the 
mechanical properties of the nanomaterials samples. The 
proposed PWCC device includes four parts; actuation part 
(wires 1 and 2), mechanical structure (wires 2, 3 and 4), 
sensing part (wires 4 and 5), and electrical circuit for 
measuring the sensor output. 

 

 

Fig. 1 The PWCC device and its proposed setup for nanomechanical cyclic testing 
 

A. Actuation Part (Wires 1 and 2) 

The wires 1 and 2 are connected to the current sources I and 
II carrying currents i1=c1sin(t) and i2=c2sin(t), 
respectively, as shown in Fig. 1. Fig. 2 shows the wires 1 and 
2 cross view, which assumed to be in the y-z plane along the 
y-axis. The cross-sections of the wires considered rectangular 
shape to be consistent with the MEMS/NEMS fabrication 

processes. 
Since the wires lengths are much larger than the wires 

cross-sections and the distance between them, the wires are 
assumed to be infinite. Therefore, the magnetic field of each 
element of the wire 1, like point P(x,y), at point P0(x0,z0) of the 
wire 2 can be written using Biot-Savart-Laplace law as [31] 
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where, A1 is the cross-section of the wire 1; and c is the light 
velocity. Since the wires lengths were assumed to be 
infinitive, the magnetic field in y-direction is zero. Taking 
integral over the wire 1 cross-section, the magnetic fields 
components are achieved as follows 
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where, w1 is the width of the wire 1; h1 is the height of the 
wire 1. The direction of the magnetic field vector is not shown 
in Fig. 2 because it changes by the currents’ direction; 
however, it is always perpendicular to the line connecting P to 

P0, parallel to the shown red-dashed line in Fig. 2. Using the 
magnetic field components determined in (2) and (3), the force 
applied on the wire 2 by the wire 1 can be calculated using 
Lorentz Law as  
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Here,r12 is the distance between the wires 1 and 2 as shown 
in Fig. 2. According to (4), the force per unit length applied on 
the wire 2 has components in x- and z- directions. It can be 
readily shown that the force in x-direction is zero due to the 
symmetric geometry of the wires. Furthermore, the same force 
applied on the wire 2 is applied on the wire 1 as well. To avoid 
the vibration of the wire 1, the wire 1 is assumed to be thicker 
than the wire 2. 

The transfer function of the actuation part of the PWCC 
device was defined to be the ratio of the force in z-direction to 
the applied currents in the Laplace domain. Therefore, 

 

  


 


2112

112

2

2

0

2

2

000
2

0

12

,

hhr

hr

w

w

x
z

Actuator dzdxzxH
AI

F
G


       (5) 

 
where, I12 is the Laplace transfer of the product of the i1 and i2 
currents, and Fz is the z-component of the force F12. 

 

 

Fig. 2 Cross-section of the wires 1 and 2 contributing as actuator part 
for the PWCC device 

C. Mechanical Structure (Wires 2, 3, and 4) 

To simplify the structural analysis of the PWCC device, the 
technique of the parallel and series springs/dampers was 
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implemented. The wires 3 and 4 are series to each other. That 
is why, considering a force or displacement applied at the 
point A, both wires face the same amount of force but different 
amount of displacements. Fig. 3 represents the structural 
simplification flowchart of the PWCC device. The equivalent 
spring and damper constants of the wires 3 and 4 are shown in 
Fig. 3 (b) with K34 and 34, respectively. The wire 2 is parallel 
to the equivalent wire of the wires 3 and 4. Therefore,  
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where, Ei (i=2,3,4) is the Young’s modulus of the wires; Li 
(i=2,3,4) is the length of the wires; and Ii (i=2,3,4) is the 
second moments of the area of the wires. The total mass of the 
structure is considered equal to the mass of wire 2, M=M2, 
where the masses of the other wires are ignored comparing to 
the mass of wire 2. This assumption was made to simplify the 
dynamic equations of the system by reducing the degrees of 
freedom from three to one. The impact of this assumption will 
be evaluated in the future works. However, in practical 
applications, since the wire III is a nanowire or 
nanomembrane, its mass is drastically smaller than the masses 
of wires II and IV. Therefore, the equivalent structure of the 
PWCC device, as shown in Figs. 3 (a) and (d), can be modeled 
as a mass connected to a spring and damper under a harmonic 
force, which is a well-known problem in dynamics mechanics 
with the following transfer function. 
 

 

Fig. 3 Mechanical modeling of the PWCC device 
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n is the resonance frequency of the system, MK ; m is the 

mechanical damping ratio of the system, 
KM2

 ; K is the 

equivalent spring constant; and  is the equivalent damping 
coefficient. 

Equation (7) gives the transfer function of the maximum 
deflection at the point A. Implementing the concept of the 
parallel and series springs/dampers, the transfer function of the 
maximum deflection of the point B, which is at the center of 
the wire 4, can be found as  
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Equation (8) provides the motion of the center of the wire 4. 

It should be mentioned, according to [32], [33], the 
displacement of each point along wire 4 can be determined by 
multiplying its time response (determined by conducting the 
integral convolution of the Laplace inverses of transfer 
functions at (5) and (8)) and its eigenfunction. The 
eigenfunction of a continuous beam under clamped-clamped 
boundary condition, y, is [33] 
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Here, Sn corresponds to the mode of resonant of the wire 4, 
which are the solutions of cosh(Sn)cos(Sn)=1. 

D. Sensing Part (Wires 4 and 5) 

The wires 4 and 5 work as the sensing part of the PWCC 
device. The wire 5 is connected to a current source, shown as 
current source IV in Fig. 1, carrying the current i5. This 
current generates a magnetic field around the wire 5 which can 
be calculated similar to (2) and (3), where the coefficients 
i1/A1 must be replaced by i5/A5, A5 is the cross-section area of 
the wire 5. According to Faraday’s Law, because the wire 4 is 
moving in the magnetic field of the wire 5 with a known 
velocity, an electric potential is induced between its two ends 
[34]. The transfer function for the induced potential can be 
determined as  
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where, Iv is the Laplace transfer of the product of the current 
flowing in the wire 5 and velocity of each point along wire 4; 
V4 is the Laplace of the induced voltage between the two 
ends of the wire 4; A4 is the cross-section area of the wire 4; 
and L4/2) is the value of the eigenfunction at the center of 
the wire 4. Since the velocity is the time derivative of the 
displacement, thus the transfer function from displacement to 

K3 

K4 

3 

4 

F=|Fz|L

34 K34 

F3

34 K34 

F 

K2 2 

K

F  

 

(a) 

(b) (c) 

(d) 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:11, No:10, 2017

1693

velocity of the point B is 
 

sGVelocity                                         (11) 

 
In practical applications, in order to detect the induced 

voltage, it is necessary to design a circuit to amplify the 
induced voltage and filter all noises before sending it to a 
lock-in amplifier for measuring. Since the purpose of this 
work is to prove the concept of the PWCC devices for future 

applications, a simple bandpass and amplifying circuit is 
considered and analyzed. However, in the practical 
applications, it may need to implement several blocks of this 
circuit in series. Fig. 4 shows a simple state variable filter 
operated as a bandpass filter followed by an inverting 
operational amplifier. The state variable filter was suggested 
for the PWCC device because it provides ultrahigh quality 
factor (Q-factor) which can be set independent of its gain and 
its cut-off frequency of the filter [35], [36]. 

 

 

Fig. 4 Electrical circuit including a state variable filter operating as bandpass filter followed by an operational amplified 
 
The transfer function of the electrical circuit at Fig. 4 can be 

determined as 
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where, Ri (i=1,2,...,8) are the resistors; Ci (i=1,2) are the 
capacitors; Vin is the induced voltage at the wire 4 equal to 
V4; Vout is the output signal after implementing bandpass 

filter and amplifying the input voltage. The total added gain by 
this circuit is proportional to the R8/R7 and R6/R5. The ratio 
R8/R7 is the gain added by the operational amplifier, as shown 
in Fig. 4. Also, the ratio R6/R5 is the gain added by the state 
variable filter, and it is proportional to its Q-factor, which can 
be adjusted to make it ultranarrow bandwidth to be highly 
selective. 

III. RESULTS AND DISCUSSIONS 

The total transfer function of the PWCC device is the 
product of the all transfer functions as  

 

ElectricalSensorVelocityStructuralActuator GGGGGsG )(       (13) 

 

 

(a) The total gain of the PWCC device 

State Variable Filter Operational Amplifier 
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(b) The total phase shift of the PWCC device 

Fig. 5 Total gain and phase shift of the PWCC device vs. the frequency for different mechanical damping ratios 
 

The total gain and the phase shift of the PWCC device are 
plotted in Fig. 5 for different mechanical damping ratios. To 
achieve the highest gain, the resonance frequency of the 
electrical circuit was designed to be the same as the resonance 
frequency of the mechanical structure of the PWCC device by 
choosing the appropriate capacitors 1 and 2 as well as resistors 
1 and 2. 

For some applications, it may be necessary to implement 
the currents 1, 2, and 5 at different frequencies. In these cases, 
the most general form of the time dependent part of the PWCC 
device response will have the following terms 
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According to (14), the response of the PWCC device 
oscillates at four different frequencies. Therefore, the 
electrical circuit must have high Q-factor, equivalently very 

small electrical damping ratio (
2

1

22
1

a
a

Qe  ) to 

precisely detect the signal at the desired frequency. To study 
the effects of the electrical damping ratio, Fig. 6 was prepared 
to render the total gain and the phase shift of the PWCC 
device for different electrical damping ratios. 

The total gain and phase shift of the PWCC device have the 
same behaviors in terms of the mechanical and electrical 
damping ratios. According to both Figs. 5 and 6, as the 
mechanical/electrical damping ratio increases, the maximum 
gain decreases. However, the PWCC device gain has more 
sensitivity with respect to the electrical damping ratio 
comparing to the mechanical damping ratio. Note that as the 
damping ratios decreases, the phase shift discontinuities 
approach toward the frequency resonance of the PWCC 
device, where the phase shift has the highest sensitivity. 

 

 

(a) The total gain of the PWCC device 
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(b) The total phase shift of the PWCC device 

Fig. 6 Total gain and phase shift of the PWCC device vs. the frequency for different electrical damping ratios 
 

 

Fig. 7 Maximum gain of the PWCC device in terms of the sample’s rigidity. The wire 3 is the place where the sample is 
 

 

Fig. 8 The sensitivity of the PWCC device 
 
For successfully designing any MEMS/NEMS device for 

nanomechanical testing, analyzing the maximum gain and 
time-domain response sensitivity of the MEMS/NEMS device 
in terms of the mechanical properties of the sample, which is 
connected to the wires 2 and 4 instead of the wire 3, carries a 
crucial role on the performance of the MEMS/NEMS device. 
Fig. 7 shows the maximum gain of the PWCC device in terms 

of the sample rigidity. As it can be seen, the maximum gain 
increases as the rigidity of the sample increases. Moreover, the 
maximum gain is almost independent of the rigidity of the 
sample with large rigidities. 

Regardless of the vicinity of the zero rigidity that the 
maximum gain approaches to zero, the PWCC device gain 
monotonically increases as the sample’s rigidity increases 
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toward infinity, which proves the applicability of the PWCC 
device for a wide range of sample sizes and materials. 

The time-domain response sensitivity of the PWCC device 
can be calculated  

 

 V
dI

d
ySensitivit                        (15) 

 
where, I is the product of the all input currents amplitudes 
(|i1i2i5|); V is the induced voltage between two ends of the 
wire 4 in time space. Fig. 8 shows the sensitivity of the PWCC 
device, which can be used to understand the transient and 
steady state responses of the PWCC device. The sensitivity 
analysis shows that the PWCC device has higher sensitivities 
for samples with larger rigidities. Furthermore, as the sample 
rigidity increases, the phase shift of the response slowly 
increases and it approaches to  phase shift. 

IV. CONCLUSION 

This study represents a PWCC device for nanomechanical 
testing applications which can apply static loads, cyclic loads, 
and their combinations. The total gain and phase shift of the 
PWCC device were investigated. The total gain and phase 
shift of the PWCC device are very sensitive to the electrical 
damping ratio of the device comparing to the mechanical 
damping ratio of the device. The phase shift discontinuities 
happen at vicinity of the resonance frequency of the device, 
and they become closer to each other as the damping ratios 
decrease. The maximum gain of the PWCC device increases 
as the rigidity of the sample increases, which proves the 
capability of the device for a broad range of samples. From 
analyzing the sensitivity of the PWCC device, it can be 
concluded that phase shift dependency of the PWCC device 
slowly changes as the sample rigidity approaches the large 
values.  
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