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Abstract 

The effect of the electromagnetic force parameter and the relation between wire displacements are vital 
considerations in the design of nano/microelectromechanical systems. In this paper, a semi-analytical 
method called the Homotopy Perturbation Method (HPM) has been applied to solve nonlinear equations 
of a nano/microelectromechanical systems switch. The results for various values of electromagnetic 
force are shown to demonstrate the method's validity. Additionally, it was determined that the provided 
method is exact and effective for the given situation. The results in all situations prove the accuracy of 
HPM, where all of the calculations have a striking similarity to the numerical approach. This approach 
is beneficial for the solution of a large number of nonlinear equations. 
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Introduction 

The advancement of technology has resulted in 
the design and manufacture of electronic devices 
with smaller dimensions and reduced power 
consumption [1]. Nano/microelectromechanical 
systems are self-contained, intelligent systems with 
internal structures typically measured in microns or 
nanometers [2]. N/MEMS have been an appealing 
study issue in recent decades due to their vast range 
of applications [3]. Nowadays, MEMS are in 
demand in a variety of industries, including medical 
equipment and instruments [4], the automotive 
industry [5], and the wireless communication field 
[6]. For instance, MEMS technology incorporated in 
smartphones may enable the measurement of 
mechanical heart activity simply by placing the 
phone on the body and obtaining vibrational signals 
without external peripherals or connections [7]. 

As an added benefit, RF systems incorporating 
MEMS switches benefit from improved 
electromagnetic and electromechanical 
performance, including lower insertion and return 
losses, improved off-state isolation, lower power 
consumption, lower actuation voltage requirements, 
and smaller size [8]. The two most often used 
MEMS switches in this application are resistive 
(ohmic) and capacitive switches typically used in 
radio frequency systems. Capacitive switches are 
activated or deactivated by capacitance coupling, 
and they are well suited for high-frequency (about 3 

formulation [21] are among the many analytical 
approaches for deriving approximate analytic 
solutions to nonlinear differential equations [21]. 
The Homotopy Perturbation Method (HPM) [22] is 
one of the most promising methods for solving 
nonlinear differential equations due to the ability to 
produce an accurate solution [23]. The Homotopy 
Perturbation Method (HPM) was used in this study 
to solve the nonlinear equations of a 
nano/microelectromechanical systems switch. The 
results for various amounts of electromagnetic force 
demonstrate the method's validity. HPM is shown to 
be an extremely efficient approach for determining 
the steady-state responses to a nonlinear vibration 
problem [24]. The results are compared to those 
obtained using the numerical approach to validate 
the theoretical estimations [33]. 

 
Governing Equations 

When two current-carrying wires come into 

contact, the ampere's force law is used to describe 

the force of attraction or repulsion that exists 

between them [30-32]. Following Biot-Savart's law, 

a magnetic field is generated by each wire carrying 

an electric current; in accordance with Lorentz's 

law, the other wire is exposed to a magnetic force. 

The force F between two straight current-carrying 

wires per unit length is obtained from Equation (1) 

[25]: 
MHz to 30 MHz) applications [27-29]. 

However, resistive switches are often used in the 𝐹 = 
𝜇0𝐼1𝐼2 

2𝜋𝜋 (1) 

lower frequency range of a radio frequency 
transmission, where they are more efficient (about 
30 kHz to 300 kHz). A low contact resistance, often 
less than 1–2 ohms, is one of the most important 
performance criterion for MEMS switches [9]. 
Understanding the operation and direction of 
optimization of current MEMS switches is critical 
for designing innovative MEMS switches. While 
nanoelectromechanical switches are comparable to 
semiconductor switches, their working principles are 
distinct. They may be replaced by semiconductor 
technology due to the optimal situation in N/MEMS 
switches technology [10]. Nonlinear vibration's zero 
initial conditions always make the problem 
exceedingly challenging to solve. However, several 
strategies exist for approximating solutions to 
nonlinear mathematical models using N/MEMS. 
Taylor series expansion [11], Energy Balancing 
Method [12], the Hamiltonian method [13], 
Spreading Residual Harmonic Balance Method [14], 
Adomian Decomposition Method [15], and Least 
Square Method (LSM) [16] are some of the 
approaches used by researchers in this field. Apart 
from the mentioned methods, Laplace-based 
Variational Iteration Method (LVIM) [17], Akbari 
Ganji method (AGM) [18], Variational approach 
[19], Taylor series method [20], and He's frequency 

where F is the spring restoring force or the force of 

attraction between conductors due to the magnetic 

fields produced by 𝐼1 and 𝐼2. In Equation 1, the 
permeability parameter (magnetic constant) 𝜇    is 

0 

considered equal to 4𝜋 × 10−7 𝑁𝐴−2. 𝐼1 and 𝐼2 

represent the currents in wires 1 and 2, and R is the 
distance between the wires. In Figure 1, a wire of 
length L and mass m is shown carrying an electric 
current. 

 

 
Figure 1. N/MEMS switch with a wire carrying current 
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𝑑𝑡 

 
As a result of linear springs controlling the motion 

of conductors, the motion equation of the wire is as 

follows: 

Where p = [0,1} denotes an embedded parameter 

and u0 denotes the initial approximation of 

Equation (9) satisfying the boundary condition. 
Additionally, it is reasonable to suppose that the 

𝑑2�̂� 
𝑚 

𝑑̂𝑡2 
+ �̃��̂� − 

𝜇0𝐼1𝐼2𝐿 
= 0 

2𝜋(𝐵 − �̂�) 
(2) 

answer to the preceding equation can be expressed 

as a power series: 

In  Equation  (2),  �̃�  denotes  the  spring  constant,  𝑡 𝑣 = 𝑣0 + 𝑝𝑣1 + 𝑝2𝑣2 + … (11) 
denotes   the   passage   of   time,   �̂�    denotes   the 𝑢 = lim 𝑣 = 𝑣 + 𝑣 + 𝑣   + … 
displacement of the wires, and B is the distance 𝑝→1 

0 1 2 (12) 

between the moving wire carrying current 𝐼1 and 

the stationary wire carrying current 𝐼2. A 

dimensionless representation of Equation (2) is 

shown as follows: 

Equation (13) is expressed as follows: 
𝑑2𝑢 

𝐻(𝑡, 𝑝) = (1 − 𝑝) (
𝑑𝑡2 + (𝜅 + 1)𝑢 − 𝜅) 

𝑑2𝑢 𝜅 
+ 𝑢 − = 0 

𝑑𝑡2 1 − 𝑢 
𝑑𝑢 

 
 

(3) 

 
+𝑝 ( 

𝑑2𝑢 

𝑑𝑡2 

 

+ 𝑢 − 𝜅(1 + 𝑢 + 𝑢2 + 𝑢3)) 

(13) 

{ 𝑢(0) = 0, | 
𝑡=0 

= 0 } Based on HPM theory, u will be written as follows: 
𝑢(𝑡) = 𝑢 (𝑡) + 𝑝𝑢 (𝑡) + 𝑝2𝑢 (𝑡) 

 
𝑢 = 

�̂� 
 

 

𝐵 

 
, 𝑡 = �̂�𝜔0 

 

, 𝜔0
2 = 

�̃� 
 

 

𝑚 
, 𝜅 = 

𝜇 0𝐼1𝐼2𝐿 

2𝜋�̃�𝐵 

 
(4) 

0 1 2 

Results 

(14) 

In Equation (3), κ denotes the electromagnetic force 

parameter and 𝜔0 denotes the natural frequency of 

the system. Additionally, Equation (3) may be 

expressed as two differential equations of first 

order: 
𝑑𝑢 

= 𝜈 
𝑑𝑡 

In this study, the effect of the electromagnetic force 

parameter κ on the performance of a N/MEMS 

switch is investigated. The nonlinear equation of a 

N/MEMS switch is solved using a novel approach 

called the Homotopy perturbation method. 

Therefore, by applying the values of Equation 8 to 

Equation (9), finally, Equation (15) is obtained: 
𝑑2𝑢0(𝑡) 

 
𝑑𝑢 

 
 

𝑑𝑡 
= 𝑢 − 

𝜅 
 

 

1 − 𝑢 

(5) 𝑝0 ∶  (1 − 𝜅)𝑢0(𝑡) + 
 

For κ = 0.06: 

𝑑𝑡2 
+ 𝜅 = 0 (15) 

𝑢(0) = 0 , 𝜈(0) = 0 (6) 𝑢(𝑡) = 0.064 − 0.064 cos(0.97 𝑡) (16) 

 
HPM 

The dimensionless domain in Equation (3) enables 

the use of the truncated Taylor series [26]. 

The range of changes of the parameter κ is 
from 0.02 to 0.12 with a step of 0.02. Figures 2 
and 3 illustrate the results of the numerical 
method. 

(1 + 𝑢)−1 = 1 − 𝑢 + 𝑢2 − 𝑢3 + 𝑢4 − ⋯ 
−1 < 𝑢 < 1 

(7) 

Therefore, Equation (8) is obtained by applying the 

values of Equation (7) to Equation (3): 
𝑑2𝑢 

𝑑𝑡2 
+ 𝑢 − 𝜅(1 + 𝑢 + 𝑢2 + 𝑢3) = 0 (8) 

The fundamental principle of the HP method is 

described here. The homotopic structure is as 

follows: 

𝐻(𝑣, 𝑝) = (1 − 𝑝) [𝐿(𝑣) − 𝐿(𝑢0)] 

+ 𝑝 [𝐴(𝑣) − 𝑓(𝑟)] = 0 
(9) 

Figure 2. Numerical solution for different values of κ 

 

𝑣(𝑟, 𝑝) ∶ Ω × [0,1] → 𝑅 (10) 
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Figure 3. Phase portrait obtained from the numerical solution 

 

Figures 4 and 5 depict the HPM method's results, which 

are the effects of changes in the amount of κ on the graphs 

relating v to u and u to t. Comparing the acquired results 

makes it possible to verify the method's high accuracy. 

As shown in the figures below, raising κ causes an 

increase in u, indicating that these two parameters have a 

direct relationship. 

 

Figure 4. HPM solution for different values of κ 
 

Figure 5. Phase portrait obtained from HPM solution 

 

Conclusion 

The effect of the electromagnetic force parameter is 

investigated in this article, which may contribute to the 

development of N/MEMS. Additionally, the Homotopy 

perturbation method (HPM) is used to investigate the 

dynamic pull in condition, the nonlinear frequency, and 

the approximate analytic solution of a nonlinear model of 

a N/MEMS switch with a current-carrying conductor that 

is exposed to an electromagnetic force with a linear 

restoring force. As may be seen in Figure 6, the approach 

is highly accurate, and the graphs are well-matched, as 

demonstrated by comparing the diagram generated using 

the Runge-Kutta numerical solution method to the 

diagram acquired using the HPM method. 

 
 

Figure 6. Comparing HPM solution and numerical solution for 

different values of κ 
 

Additionally, Table 1 compares the numerical and HPM 

results, demonstrating the HPM remarkable accuracy. 

 
Table 1. Comparing values obtained from HPM solution and 

numerical solution in different values of t (s). 
t (s) Num HPM Error 

0 0 0 0 

1 0.02772405 0.02772241 0.00000164 

2 0.08688978 0.08680897 0.00008081 

3 0.12650079 0.125935 0.00056579 

4 0.11261047 0.11111423 0.00149624 

5 0.05710395 0.05522052 0.00188343 

6 0.00767409 0.00680512 0.00086897 

7 0.00704058 0.00792338 -0.0008828 

8 0.05575239 0.05760392 -0.00185153 

 

Nomenclature 
B Gap between wires 

F Force between wires 

I Current 

�̃�  Spring constant 

L Wire length 
m Wire mass 
R Distance between wires 

�̂� Time 

�̂� Displacement between wires 

 

Greek symbols 

𝜇0 Permeability parameter 

𝜔0 Natural frequency 

κ Electromagnetic force parameter κ 
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