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Abstract 
The paper is devoted to study of the electrical parameters of the motion parts 
of the MEMS such as solenoids. The analytical background is given in order 
to describe the influence of the electrical field components on the forces, 
which are result of interaction of the electromagnetic (EM) field components 
with the parts of motion devices of MEMS. The given analytical formulas 
open the ability to calculate the self-inductance of the microsolenoids of the 
different kind, as well as the stored energy of such motion devices, that could 
be used for the modeling and optimization of parameters of running devices 
of MEMS such as actuators, sensors etc.  
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1. Introduction 

The micro electromechanical systems (MEMS) are the series-fabricated inte-
grated microdevices, which provide motion/motionless, radiating/fabricating 
energy, optical microdevices/microstructures, driving/sensing circuitry, and 
controlling/processing ICs that in the energy/motion relation provide, for exam-
ple, the converting physical stimuli, events, and parameters to electrical, me-
chanical, and optical signals and vice versa. 

MEMS are composed and built using microscale subsystems, devices, and 
structures. From the aforementioned sense, the MEMS, as the batch-fabricated 
integrated micro-system, can integrate particularly the following components: 
motion and motionless microdevices, radiating energy microdevices, energy 
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sources. The before mentioned explains, why the investigation of the MEMS 
parts related to electro dynamical and mechanical behavior is important. The 
strength of the MEMS devices rises during the last two decade owing the in-
volvement of the electromagnetism principles with movement to the radiofre-
quency (RF) band of the power supplement. It is turned out that the stored 
energy of the EM field results in the moving process of the machine parts of 
MEMS components owing the appearing the mechanical forces in such parts, 
and vice versa, this moving could cause the appearing the EM fields in the mov-
ing mechanism. This is why the study of the EM field properties is important at 
the process of modeling and design of MEMS. One more aspect of MEMS is that 
in order to design effectively and with lower cost, there is necessity to use the 
mathematical modeling for the process. 

Radiofrequency (RF) MEMS devices cannot be modeled precisely by measur-
ing the data of small-signal S-parameters or large-signal commercial X-parameters, 
involving the designers of ICs to deal with the modeling methods. The S-para- 
meters allow to evaluate only a low signal or linear behavior in the vicinity of an 
operating value, while the commercial X-parameters can cover the large signals 
or nonlinear properties, but have entanglement at delineating the long-term 
memory characteristics, when the extensions have been formulated [1]. This 
leads in the necessity to apply the adequate models, describing not the static na-
ture of electrical processes only. The characteristics of independent memory are 
explained by the hysteresis curves, above result that the output of the device, 
which is path-dependent, must be in addition also input-dependent. One should 
note that the RF MEMS devices actuated electrostatically demonstrate a nonli-
near behavior and associated hysteresis parameters. 

To the recent time, the electrical behavior of the run parts of MEMS was con-
sidered from the static point of view, and taking into account of the dynamical 
nature of electromagnetic processes was limited. 

In the electrostatically supported RF MEMS devices, the electrostatic forces 
are nonlinear and time varying (NLTV) having the pattern displacement and the 
drive voltage [2], [3]. They increase with voltage that leads to a square-law non-
linear characteristic, termed now as the electrostatic force strength growth. The 
RF MEMS devices actuated electrostatically and mainly all the capacitive trans-
ducers discover the electrostatic hysteresis behavior in the decapacitance-voltage 
plot [4]. The electrostatic hysteresis behavior that is result of the electrostatic 
force strength growth, provides the capacitance, which is a function of the im-
posed bias voltage, as well as of its previous condition, namely up-state or down- 
state. The strength of electrostatic force growth and respective hysteresis para-
meters characterize the pull-in and hold-down positions, and it designates a 
measure of linearity of the RF MEMS devices. 

The second definitive discipline describing the MEMS run devices is micro-
mechanics and forces acting on the MEMS elements. As a rule, such run is rea-
lized by the spring of the different kind. Notwithstanding that the spring force is 
usually linearized (the Hooke law of elasticity), it is a nonlinear with pattern dis-
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placement [2], [3]. The nonlinear elastic behaviors are induced by spreading and 
other geometrical changes and the nonlinear material characteristics. The 
spreading produces the area and volume changes, and it depends on the dimen-
sions of beam, suspension (spreading occurs usually for the beams having two 
and more clenches, for example the fixed-fixed beams), and mode of vibration 
(torsional, bulk or flexural). The spreading is one of main nonlinear elastic ef-
fects for the RF MEMS devices with flexural or deflecting mode at the appear-
ance of the vibrating fixed-fixed beams, if they are produced of metal or polysi-
licon/single-crystal silicon. 

The spreading presents a special attention while design the vibrating fixed-fixed 
pattern RF MEMS devices in a flexural mode. The respective positive force coef-
ficient of cubic spring type leads to a spring-stiffening with displacement. And 
the spring-softening foresees a negative force coefficient, which is the result of a 
nonlinear modulus of Young only. The resonators, for which spring-softening 
and spring-stiffening is characteristic, are known as the “Duffing resonators”. 
The spring-softening and the electrostatic force strength growth (using the Mac-
laurin series expansion) yields a positive force coefficient, but its constituents 
have opposite signs) that lowers the resonant frequency of Duffing resonator, 
while a spring-stiffening increases the above. 

The nonlinear effects evoke a hysteresis amplitude-frequency curve, for which 
the mechanical resonant frequency is a multiple-valued function, which argu-
ment is the motive voltage amplitude. In order to hold out a non-linear oscilla-
tion, a Duffing resonator must have the limitation on amplitude at the input or a 
phase feedback circuit [5] in the case if it is used in an oscillator. The ampli-
tude-frequency hysteresis characteristic is determinative when to calculate the 
minimal value of a phase noise or the frequency stability portion per million 
(PPM) of the oscillators related to the radiofrequency MEMS. The importance of 
taking into account of such non-linear effects caused by the interaction of the 
electrical and mechanical forces was noted in many publications [6]-[11] that 
evidences a hard necessity to design such models of run devices of MEMS, which 
take into account the interconnection of the electrical and mechanical forces 
very accurately. In this connection, the development of such models of MEMS, 
in which the run parts are designed accurately from the both electrical and me-
chanical point of view, is actual problem even in our time. In this paper we start 
with description of the electrical processes, which take place in the run parts of 
the different kind in MEMS. In particular, this approach is applicable for the 
study of the electrical properties of the solenoids of different kind. The sketch of 
solenoid with the circular cross-section is shown in Figure 1. 

The solenoids are applied usually for interconnection of movable (plunger) 
and stationary (fixed) parts of MEMS and are produced of high-permeability 
ferromagnetic materials. The windings are wound with a helical rule as it is 
shown in Figure 1. The solenoids of such type convert electrical energy to me-
chanical energy or vice versa. The performance of solenoids are defined by the  
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Figure 1. The sketch of microsolenoid with the circular cross-section. 
 
electromagnetic system, materials, its geometry, magnetic permeability of ma-
terial, resistance of winging, inductance of coil, friction of parts, and so on. The 
plunger is moving with respect to the stationary part. When the voltage is ap-
plied to the winding, the current flows in the winding, and the electromagnetic 
force appears resulting the moving of plunger. When the applied voltage dimi-
nishes, the plunger can return to its initial position because of the spring force. 
By this, the unacceptable effects like the residual magnetism and friction must be 
eliminated. 

The different materials for design the central conductor (the nonmagnetic 
clutch) and plunger coating (the plating) must be chosen to get the minimum 
friction and to minimize wear. As a rule, the glass-filled nylon, brass for the 
guide and silver, copper, aluminum, tungsten, platinum plating, or other low 
friction materials are used for the plunger. For example, the friction coefficients 
of lubricated (solid film and oil) and unlubricated for different possible materials 
are used tungsten on tungsten 0.04 - 0.1 and 0.3; copper on copper 0.04 - 0.08 
and 1.2 - 1.5; aluminum on aluminum 0.04 - 0.12 and 1; platinum on platinum 
0.04 - 0.25 and 1.2; titanium on titanium 0.04 - 0.1 and 0.6, and so on. In this 
connection, the design, analysis, and optimization of the solenoids results in ap-
plication of the basic physics, electromechanics, and production technologies. 
The above causes the compromise among a variety of mechanical, electrical, 
thermal, acoustical, and other physical properties. 

2. The EM Characteristics of Solenoids 

The electromagnetic field theory and mechanics are applied for study MEMS 
and NEMS, micro- and nanoscale devices and structures, ICs, and antennas. 
Electric force holds atoms and molecules together. Electromagnetics plays a cen-
tral role in description of the power supplement of MEMS. Electric force is re-
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sponsible for energy-transforming processes in the MEMS devices. The basics of 
EM theory are given in this Section provide with modeling the electrical para-
meters of the motion parts of MEMS. We follow the notations presented in [12]. 
We derive the formulas for the EM field characteristics that provide the ability to 
determine the energy and forces acting on the motion parts.  

The influence of electromagnetic phenomena on the mechanical forces in 
MEMS was started within the electrostatic approximation introduced by Charles 
Coulomb. For charges q1 and q2, separated by a distance x in free space, the 
magnitude of the electric force F is 

 1 2
2

04
q q

F
xεπ

= , (1) 

where 0ε  is the free space permittivity, 12
0 8.85 10 F mε −= ×  or C2/N∙m, 

therefore 9 2
01 4 9 10 N m Cε = × ⋅π . The unit of force is Newton (N), and charge 

is measured in coulombs (C). Since force is vector, then the Formula (1) in order 
to accentuate this property, can be given as 

 1 2
2

04 x
q q

xεπ
=F a , (2) 

where xa  is unit vector directed along the line, with joins the points, where the 
charges 1q  and 2q  are applied. 

The electric flux vector is D (F/m), and the vector of electric field intensity is 
E (V/m) or (N/C). According to Gauss’s rule, the total electric flux ( )CeΦ  
across a closed surface is equal to the total force charge around and looks as  

 d ,e
S

εΦ = ⋅ =∫D S D E , (3) 

where dS  is surface area vector, d d Ns=S a , Na  is unit normal vector to 
surface S, ε is the permittivity of medium. 

The magnetic flux mΦ  across the surface S is defined as 

 dm
S

Φ = ⋅∫B S , (4) 

where B  is the density of magnetic flux. 

 0d d
l S

µ⋅ = ⋅∫ ∫B l J S , (5) 

where 0µ  is the permeability of free space, and 7
0 4 10 H mµ −π= ×  or T∙m/A. 

The vectors eΦ  and mΦ  have definitive role when the energy of electro-
magnetic field is defined and its relation to production of the mechanical forces 
is derived.  

The law of Ampere in the case of the filamentary current couples the magnetic 
flux and the summarized enclosed or linked currents, termed as the net currents, 

ni  by 

 0d m
l

iµ⋅ =∫B l . (6) 

The magnetic field, varying in time, creates the electromotive force (EMF) E 
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that produces some currents in the neighboring loop. The law of Faraday con-
nects the EMF, which characterizes the induced voltage be presence of the mag-
netic field conductor motion, with the measure of changing the magnetic flux, 
which penetrates the loop. Using the approximate analysis of the conversion of 
electromechanical energy, we use the law of Lenz to determine the EMF vector 
and the induced current. Especially, the EMF is desirable in the direction, which 
provides some current with flux, when it is supplemented with the original flux, 
could decrease the EMF amplitude. 

By the law of Faraday, the closed-loop circuit induced EMF is defined using 
the scale of the magnetic flux Φ change. This yield 

 ( ) ( )d d dd d
d d dl S

E t t B t S N
t t t

Φ Ψ
Ε = = − = − = −∫ ∫

, (7) 

N is the turn’s number, and Ψ corresponds to the linkages of flux. Formula (7) 
introduces the induction law of Faraday, therefore the induced EMF or induced 
voltage has form 

 d d
d d

N
t t
Ψ Φ

Ε = − = −  (8) 

in our consideration. 
The vector of current and the linkages of flux are opposite directed. Therefore, 

the electromotive force, namely the energy per unit quantity of charge, is an am-
plitude of the difference of potential in a loop supporting the currents. Therefore 

 d
d

V ir ir
t
Ψ

= − + Ε = − − . (9) 

The EMF is measured in volts. 
The voltage law of Kirchhoff sets that across the closed path of a electric cir-

cuit, the total EMF is calculated as the vector sum of voltage come down through 
the resistance. The equivalent state is that the vector sum of the voltages nearby 
a closed contour in a circuit is equal to zero. The current law of Kirchhoff sets 
that the vector sum of currents in any circuit node is equal to zero. 

The arising magnetomotive force (MMF) is the curved integral of the intensity 
( )H t  of magnetic field, which is time-varying. Namely, 

 ( )MMF d
l

t= ∫H l . (10) 

One can conclude that the induced MMF is a sum of an induced current and 
the change scale of the flux, which transfuses across the surface of the boundary. 
To illustrate this clearly, we use the theorem of Stoke to reduce the law of Am-
pere in the integral form (that is the Maxwell second equation), which has form 

 ( ) ( ) ( )d
d d d

dl S S

t
t t

t
⋅ = ⋅ + ⋅∫ ∫ ∫

D
H l J S S , (11) 

where ( )tJ  denotes the current density vector, which is the time-varying. The 
magnetomotive force is measured in the amperes or the ampere-turns. 

The dual nature of both the EMF and MMF characteristics is detecting if to 

https://doi.org/10.4236/jamp.2024.125113


M. Andriychuk et al. 
 

 

DOI: 10.4236/jamp.2024.125113 1825 Journal of Applied Mathematics and Physics 
 

use two relations presented below, in the terms of field intensity of the vectors of 
electric and magnetic field 

 ( ) ( )d , MMF d
l l

t tΕ = ⋅ = ⋅∫ ∫ 

E l H l . (12) 

The value of inductance, namely the ratio of total linkage of flux to a current, 
which they join, is expressed as L N i= Φ ); and the reluctance, namely the ratio 
of MMF to a whole flux, is given as MMFΡ = Φ . Both they are used to calcu-
late the values of the EMF and MMF. Applying the formula L i= Ψ  for the 
self-inductance, we get 

 ( )dd d d
d d d d

Li i LL i
t t t t
Ψ

Ε = − = − = − − . (13) 

In the case when constL = , we have d dL i tΕ = − . Namely, the self-inductance 
is equivalent to the self-induced EMF by unity of the current change. 

The EMF and MMF can be related to the mechanical forces when the value of 
the energy stored by the electrostatic and magnetic fields. Formulas (25) - (28) in 
section below explain such interconnection. 

3. EM Model of Toroidal Solenoid 

The self-inductance of the motion devices is a definitive characteristic, which 
provide the information about the impact on its run performances. Let us get a 
representation for the toroidal solenoid self-inductance with a rectangular cross 
section with the size parameters 2a, b, and radius r. 

The magnetic flux across the patch is 

 ( ) ( )d , MMF d
l l

t tΕ = ⋅ = ⋅∫ ∫ 

E l H l . (14) 

Thus 

 
2

ln
2

N N b r aL
i r a

µΦ + =
π

=  − 
. (15) 

It is well-known that the electromagnetic torque T  (in [N-m]) in the loop of 
current is: 

 = ×T M B , (16) 

and M  means the magnetic moment. 
Let us give the torque-energy formulas related to micro- and nanoscale actua-

tors. We find the relation for the energy of EM field. We know that an energy 
reserved by the capacitor is equal to 21 2CV , and the energy reserved by the 
inductor is equal to 21 2 Li . The capacitor energy is reserved in the electric field 
between planes, and the inductor energy is reserved in the magnetic field across 
the coils. 

We derive the formulas for both the energies reserved in both the electrostatic 
and magnetic fields through the field values. The total potential energy reserved 
in an electrostatic field is expressed by the difference of potential V. Basing on 
the above, we get 
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 [ ]1 d J
2e v

v

W V vρ= ∫ , (17) 

and vρ  is the density of volume charge [C/m3], vρ = ⋅D∇ , and ∇  is the curl 
(rotor) operator. 

Therefore, the potential energy We can be calculated by the work’s quantity, 
which is needed to support the charge in the electrostatic field. For this end, the 
work’s value is determined as the effect of the charge and potential. 

In the area with a continuous distribution of charge ( constvρ = ), the charges 
are substituted by the value of dv vρ , which results in the equation: 

 
1 d
2e v

v

W V vρ= ∫ . (18) 

We get such formula for the energy reserved in the electrostatic field in the 
Gauss form: 

 
1 d
2e

v

W v= ⋅∫D E , (19) 

using the relations vρ = ⋅D∇  and V= −E ∇ . By this, the electrostatic volume 
density of energy is given by 1 2 ⋅D E  (in [J/m3]). 

We get in the case of a linear isotropic medium 

 2 21 1 1d d
2 2e

v v

W v vε
ε

= =∫ ∫E D . (20) 

The vector ( ), ,x y zE  of electric field is determined by the function of scalar 
electrostatic potential V(x, y, z): 

 ( ) ( ), , , ,x y z V x y z= −E ∇ . (21) 

For the cases of cylindrical and spherical coordinates, one gets 

 ( ) ( ), , , ,r z V r zϕ ϕ= −E ∇ , (22) 

 ( ) ( ), , , ,r V rθ ϕ θ ϕ= −E ∇ . (23) 

Using (18), the potential energy, which is reserved by the electric field in the 
vicinity of two surfaces is expressed as 

 21 1
2 2eW QV CV= =  (24) 

(this formula is used usually for a capacitor). 
For the case of lossless conservative system, basing on the criterion of a virtual 

work, one can conclude that the total change of the electrostatic energy d eW  is 
the same that the total change of the mechanical energy d mechW . These yields 

 d de mechW W= . (25) 

We get for a translational motion: 

 d dmech eW = ⋅F l , (26) 

and dl  is a differential displacement. 
Using (25) and (26), we get d de eW W= ⋅ l∇ . Consequently, the force is de-
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termined as the gradient of reserved electrostatic energy: 

 e eW=F ∇ . (27) 

For the case of Cartesian coordinate system, we get 

 e
ex

WF
x

∂
=

∂
, e

ey
WF
y

∂
=

∂
, and e

ez
WF
z

∂
=

∂
. (28) 

In such a way, the mechanical forces are determined by the stored EM field 
energy, which depends on the electric and magnetic vectors. The Formulas (20), 
(27), and (28) accentuate this interconnection. In the next Section, we get the 
explicit formulas for the components Hϕ , Eθ , and rE  of EM field, which al-
low to calculate the stored energy of the electric and magnetic fields in the near 
and far zones. Having such components, relation (20), and formulas (28), we can 
easily to calculate the impact of the stored EM energy on the mechanical charac-
teristics of the moving parts of MEMS. 

4. Deriving the Formula for the Field Energy 

The calculation of the energy of the EM field produced by the constituent parts 
of the MEMS motion machines has a important value for the modeling of its 
functioning. The calculation of energy when the self-capacitance is known fore-
sees knowing the currents i (remembering formula 21 2W Li=  for capacitors). 
The above foresees the conducting the experimental data to define value of i. In 
many cases, the analytical formulas like (20) are used to calculate this characte-
ristic. In the case of toroidal solenoid, the components of EM field can be calcu-
lated as [13] 

 
( )( ) ( )

( )

2
13

03

1 sin cos sin
2

sin sin sin ,
4

H kr kr J kd
r

kd J kd
r

ϕ θ

θ θ

Λ  = − Ω + Ω  
Λ

+ Ω
 (29) 

( ) ( )( )

( ) ( ) ( )( )

1 22

2
0 2 13

cos sin sin sin
2

sin sin sin 3 sin 2 sin ,
4

kE J kd kd J V kd
r

k d J kd J kd kr J kd
r

θ θ θ θ

θ θ θ θ

Λ
= Ω −

Λ  − Ω − − 

 (30) 

 
( ) ( )

( ) ( )

03

2

14

cos sin cos sin
2

sin cos 3cos 2 sin sin ,
2

r
kdE kr J kd

r
kd kr J kd

r

θ θ

θ θ θ

Λ
= − Ω − Ω

Λ
+ Ω + Ω

 (31) 

where 2R gΛ = π , 2g NI c= , kr tωΩ = − . The parameter R correspond to the 
torus, N is number of coils, I is the current in the separate coil, c is speed of light, 
ω  is the angular frequency ( 2 fω = π ), r is the distance to points of observa-
tion, t is time. 

In a far zone 

 ( )2
1

1 sin sin
2

E H k J kd
rθ ϕ θ= = Λ Ω ,  (32) 
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 ( )2
02

1 cos cos sin
2rE k d J kd

r
θ θ= Λ Ω ,  (33) 

The Poynting vector’s radial component is  

 ( )( )
22

2
1

1 1 sin sin
4 4 2r

kP E H J kd
c c rθ ϕ θ

 Λ Ω
=

π π
= 


, (34) 

and it is calculated easily in such consideration. The integral energy flow is cal-
culated as 

 ( )( )
22

2
1

0

1 sin sin d
4 2

kWF J kd
c

θ θ θ
π Λ

=  
 

∫ . (35) 

The last formula is related to one period. Having the Formulas (29) - (35), we 
can calculate the power characteristics of the MEMS running parts and use the 
obtained data for their optimization.  

5. Numerical Modeling 

The numerical data presented in this Section demonstrate the possibility to easy 
calculation of the characteristics of EM field and use them for optimization of 
the respective motion machines. 

5.1. Calculation of the Self-Inductance of Rectangular Solenoid 

The numerical data discussed in this Subsection present how the self-inductance 
L depends on the geometrical parameters of solenoid. The simple calculation 
formula is helpful when the optimization problem with respect to the above pa-
rameters is solved. The numerical results concern to study of dependence of the 
self-inductance L (Formula (15)) of the toroidal solenoid with the rectangular 
cross section 2a b×  on the parameters of problem. In Figure 2, the depen-
dence of the self-inductance L on the number N of turns is shown for the differ-
ent radius r at the fixed 400 nma =  and 200 nmb = . One can see that the 
value of L decreases if the radius r grows. 
 

 

Figure 2. The self-inductance L versus rhe number N of turns. 
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Simultaneously, the value of L grows with increase of N. The characteristic of 
L approaches to the linear distribution when r increases. One can see that the 
change of L does not depend on r. The increase of L is the same for the different 
r, and it is close to four time. The dependence of L on the size a of the rectangle 
is shown in Figure 2 at the different r, 200 nmb =  as in Figure 3. 

The data presented in Figure 2 and Figure 3 testify that the values of L 
changes in a narrow range. It is evidently from the physical point of view that to 
increase L it is necessary to diminish a free space inside of solenoid, namely to 
increase size a remaining the radius r fixed. In Figure 4, the results demonstrat-
ed the change of L at the decreasing free space interior of solenoid are presented. 
The numerical results show that the self- inductance grows simultaneously with 
increase of number N of turns. One can note that the change of L is similar at 
the larger and smaller N, so, it increases to four times comparing the initial and 
final values. 
 

 

Figure 3. The self-inductance L versus rhe size a. 
 

 

Figure 4. The self-inductance L at the values of r approaching to a. 
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5.2. Calculation of the Energy of Circular Solenoid 

The numerical data presented in this Subsection are related to study of depen-
dence of the energy flow produced by circular toroidal solenoid. The sketch of 
problem geometry is shown in Figure 5. The solenoid parameters are the fol-
lowing: the radius of torus is equal to 0.1 m, the inner radius of torus is equal to 
0.10 m, N = 10, the value of current I in the solenoid coils are fixed as well, but it 
can be chosen also as the optimization parameter; the rest of geometrical and 
physical parameters are changing to define the optimal values of the radiated 
energy. The calculations are carried out in the vicinity of 6 GHz frequency. In 
the spherical coordinates, the element of volume is 2d sin d d dV r rθ θ ϕ= . The 
integration in Formula (20) is carried out numerically.  

In Figure 6 and Figure 7, the values of Eθ and Er components are shown at the 
distance 1 m from the torus center for the frequencies 6 GHz, 7 GHz, and 8 
GHz. One can see that the amplitudes change considerably for the examined 
frequencies. It is turned out that the amplitude of Eθ increases when f grows, this 
increasing is reached about two times for the maximal amplitude. And for the Er 
component it is vice versa: the amplitude decreases when f grows, and the rate of 
decreasing is more than ten times.  
 

 

Figure 5. The geometry for calculating the energy value. 
 

 

Figure 6. The component Eθ for the different frequencies f. 
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Figure 7. The component Er for the different frequencies f. 
 

In Figure 8 and Figure 9, the typical amplitudes of the Eθ and Er components 
are shown as function of r and θ arguments; the units of components is [V/m]. 
The values of coordinate r are changed from 0.5 m up to 5.0 m. The characteris-
tic property of the Eθ is that the its value changes not considerably in sense of 
dependence on the r and θ coordinates and this change has periodical nature 
along the distance r; the dependence on θ is lower and it diminishes if r grows.  

The property of the Er component depends on the value of radius r in a great 
extent. So the maximal value of amplitude does not exceed 3 × 10−5 starting form 

4.5 mr = . The characteristic property of the Er component is concentration of 
radiation in the central direction 0θ = . This means that the respective compo-
nent of the pattern of radiation is narrow.  

The peculiarity of energy distribution is studied at the different geometrical 
parameters of solenoid parameters. The domain V, in which the energy We is 
calculated, is defined as { }0 , 0.5 5 02 .V rθ= ≤ ≤ ≤ ≤π  (r is measured in m). 
The dependence of the energy We (in Joule) on the frequency f at the different 
numbers N of coils in solenoid is shown in Figure 10. The property of We at 
such set of initial parameters is that the energy grows if the number N increases; 
simultaneously, it grows at the increasing of f. The results demonstrate the reso-
nant character of We at the certain values of f. For example, the value of We 
tends to zero at 5.95 GHzf = , and the maximum is attained at the frequency 

7.93 GHzf = . This allows us to determine the optimal values of the solenoid 
parameters providing the better performances from the energy efficiency point 
of view. The similar characteristics are got at the study dependence of We on the 
diameter d of torus (Figure 11). The energy We diminishes when diameter d 
grows. The above is explained by the physical nature of solenoid as the source of 
electromagnetic radiation: the energy is distributed in the larger volume, there-
fore this cannot concentrate the same portion of radiation in the same fixed vo-
lume.  
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Figure 8. The component ( ),E rθ ϕ  versus raduis r and angle θ. 

 

 

Figure 9. The component ( ),rE r ϕ  versus raduis r and angle θ. 

 

 

Figure 10. The energy We versus the frequency f at the different N. 
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Figure 11. The energy We versus the frequency f at the different d. 
 

The obtained results open a perspective to determination of the forces arisen 
at the functioning the micro devices supplemented by solenoids. It seems that 
the analytical determination of forces is not easy, but the numerical calculation 
using the Formulas (27) and (28) is attractive. 

6. Conclusion 

The modeling results related to study the electrical properties of the solenoids 
used for MEMS applications are presented in the paper. The investigation of the 
self-inductance of the rectangular microsolenoid demonstrates that there are the 
relations between the geometrical data of solenoid that provide the increase the 
self-inductance more that 30 times. The numerical data related to the calculation 
of the energy of the circular solenoid demonstrated the possibility to easy its 
calculation having the values of EM field components. The results can be ex-
tended on the case of the electrodynamical fields that foresees the supplementing 
Formula (20) by the usual additional term. The obtained results are suitable for 
modeling the run devices of MEMS, providing its necessary performances. The 
perspective of approach is ability to extend it on the calculation of the force cha-
racteristics of the motion parts of MEMS and to evaluate their reliability beha-
viors.  
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