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Abstract

This paper discusses design optimization of an electromagnetic soft actuator composes of two antagonistic solenoids that share a
permanent magnet core. First, calculation of the magnetic field and applied force of a solenoid with a permanent magnet plunger is
presented as the principal component of this electromagnetic actuator. Design optimization of the coil is discussed considering the
geometrical parameters of the coil, including its length, inner and average diameters, number of turns and packing density while the
power consumption is bounded. The impact of the actuator size on the resultant force is presented and scaling limitations are
discussed. Then, due to the soft nature of the actuator’s component, the impact of the cross-section, i.e. lateral deformation of the
actuator on the magnetic field at the center of section investigated as well. The deformation might happen to the actuator due to the
load in the transverse direction, especially when the actuator is made of flexible materials.
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1. Introduction

Electromagnetic actuators are gaining interests among researchers due to many advantages including short response time, simple
controllability, an uncomplicated structure in comparison to the other types of the actuator (Song and Lee 2015; Petit et al. 2010).

The design, optimization, and application of the solenoid as a vastly used electromagnetic actuator has been considered by many
researchers in recent years. A solenoid is composed of a coil that is an electrically conductive wire warped around a magnetically
permeable cylindrical core, i.e. plunger. When an electric current passes through the coil, it generates a magnetic field that can act
upon the plunger and create electromagnetic force. These type of linear actuators have been serving numerous applications ranging
from measurement systems to manufacturing. (Banick and Haller 1991) designed a solenoid actuator equipped with a magnetic flux
sensor capable to indicate the position of the solenoid core. (Lim, Cheung, and Rahman 1994) proposed a method for proportional
control of a solenoid actuator to convert its switching mode into a proportional actuator. (Mitsutake, Hirata, and Ishihara 1997)
applied finite element method to predict the dynamic response characteristics of a linear solenoid actuator. (Kamal and Daehn 2007)
presented an analysis for the coil to design an electromagnetic actuator for flat sheet forming purposes. (Petit et al. 2010) proposed a
four-discrete-position electromagnetic actuator, then presented its modeling and also experiments. (Shin et al. 2011) developed a
biomimetic actuator using four segmented solenoids mimicking earthworm movements. (Fries et al. 2014) fabricated an
electromagnetically driven elastic actuator proper for use as muscle-like structures, capable to generate stress and strain when
embedded in a solenoid coil. (Song and Lee 2015) developed a solenoid actuator having a ferromagnetic plunger and applied the
solenoid actuator in a multi-segmented miniaturized robot to generate both rectilinear and turning movements. (Said et al. 2016)
designed and fabricated a compact electromagnetically driven micro actuator using Polydimethylsiloxane (PDMS) and embedded
magnetic particles. (Rawlik et al. 2017) presented a method to design a coil generating an arbitrarily shaped magnetic field. (Guo et al.
2018) demonstrated the fabrication of a soft electromagnetic actuator using liquid metal coil of Ga-In alloy for soft robotic
applications. Nevertheless, there is still a deficiency in coil design optimization in order to generate the optimum possible field and
force out of the solenoid actuator.

Previously, we discussed the design, development, and control of an electromagnetic soft actuator for rehabilitation application that
comprises of two solenoid coils and a common magnetic core. This actuator is entirely made of soft materials and is highly scalable
(Ebrahimi et al. 2018). The actuator body is made of Silicone polymer PDMS with embedded helical micro-channels. Eutectic
GalliumIndium EGaln that is a conductive liquid in room temperature was injected into micro-channels creating conductive coils.
Magnetic particles mixed with PDMS and placed into a strong magnetic field during the curing process to force magnetic particles to
stay aligned together once the external magnetic field was removed. The result is a soft permeant magnet which was placed into the
solenoids as the core. In this paper, we propose an electromagnetic actuator presented in Figure 1, consists of two coils and a
permanent magnet plunger in the middle interacting with the coils to generate linear motion and force. The magnetic plunger was
applied in order to generate higher actuation forces compared to the ferromagnetic core (Song and Lee 2015). Moreover, this
magnetic plunger is shared between two coils to benefit the entire volume of the magnet to raise the generated force compared to the
generic solenoid actuators.
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Figure 1. Schematic of electromagnetic actuator

We intended to find a proper configuration for the components as well as solenoid design characteristics in order to exert maximum
output force out of the actuator. To achieve this goal, we implemented our theoretical analysis using the Biot-Savart law (Panofsky
and Phillips 2012) to calculate the magnetic field of the solenoid on the axis. Then, the applied force of the solenoid upon the
permanent magnet plunger and the total applied force of the electromagnetic actuator were derived utilizing Charge model (Furlani
2001; Pratt 2008). Then, the geometrical design of the solenoid and plunger was considered in next steps applying the analytical
results for the magnetic field and force. The influence of cylindrical cross-section deformation on the magnetic field at the center of
the solenoid was investigated as well.

2. Solenoid Magnetic Field and Force Calculation

Our proposed actuator is composed of two electromagnetically inductive solenoids combined with permanent magnet plungers. The
force generated by the solenoid depends on several factors including a number of turns, coil’s length and diameter, applied current,
permanent magnet’s length, diameter, and material.

To design the electromagnetic actuator, a theoretical analysis was conducted on the electromagnetic force produced by two solenoids
encompass a common permanent magnetic core. For this purpose, firstly the Biot-Savat law calculates the magnetic field along the
axis of a loop passing steady current at the arbitrary point P. Applying Bio-Savart law, the contribution of the current element (Figure
2) to the magnetic field at point P is expressed by equation 1 (Grandy 2012; Panofsky and Phillips 2012):
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Figure 2. Magnetic field at the desired point caused by a single circular current element; dB : differential element of magnetic field at the center of
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the current element, r,: axial position vector of the arbitrary point P, I : radial position vector of the arbitrary point P (radius vector), I: flowing
current, df? : differential length element on the circular current carrying loop.
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Where ds = raow, %p =zk, and T = xr, and R is the magnitude of the radius vector (f) or coil radius shown in Figure 3. Also, z is

the coordinate along the solenoid axis and K is the unit vector in z direction.
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Integrating over the entire circular loop results the magnetic field at P. The first integral vanishes due to the equal magnitude and the

fact that radial unit vectors around the circle sum to zero. Hence, the remaining is just the axial component of the magnetic field
(equation 3).
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For a finite solenoid consisting of a large number of circular loops using the result obtained above for the magnetic field of one loop,
the magnetic field at point P on the axis of solenoid could be obtained by integrating over the entire length. Figure 3 shows the

selected current element on the solenoid. The z dimension of the selected point (P) is always measured from the central loop of the
solenoid. The amount of current passing through the element is given by

dl =1 (ndz')= 1 (N/1) dz', where n = N /1 is the number of turns per unit length or turn density.
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Figure 3. Magnetic field at a desired point generated by a schematic coil; I: solenoid length, R: solenoid radius, z: axial distance of the desired point

P to the center of the solenoid and along its axis, dz' : differential current element thickness, Z " : axial distance of current element to the center of
the solenoid.

Applying equation 3, the contribution to the magnetic field at P caused by the current element with a thickness of dz' is:
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Integrating over the solenoid length, we obtain:
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Equation 5 expresses the magnetic field of a finite solenoid at the desired point P with a distance of z from the center of the solenoid.
For our electromagnetic actuator system, we need to take into account the contribution of both coils on the particular point we are
interested to find the magnetic field. Using the result obtained above for a single solenoid and applying the superposition principle the
magnetic field at the desired point on the common axis of two solenoids (P) is obtainable.

B =B, _ +B

z right left (6)



To calculate B right and B lefi in the equation 6, the distances of an arbitrary point P from the center of each coil (z, &z,) should be

Vs

determined as depicted in Figure 4.
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Figure 4. Magnetic field calculation at point P on the common axis of two schematic coaxial solenoids of the actuator, l: solenoid length, R: solenoid
radius, z,: axial distance of the arbitrary point P to the center of the right-hand solenoid, z, : axial distance of the arbitrary point P to the center of

the left-hand solenoid.

Next step is the calculation of applied force to the magnetic core. Charge model is a useful method for analyzing permanent magnet
such as determining the force and torque on a magnet located inside an external field. Based on charge model force can be expressed
by equation 7 (Furlani 2001):

F= f meextdv + § GmBextdS (7)
Where

p, =—V-M(Amps/ m?) is equivalent volume charge density
o, =MLi(Amps/ m) is equivalent surface charge density

In this case, B,,, is the superposed field calculated from equation 5 and 6 at any arbitrary point (B,,)~ The magnetic core has a fixed

t

and uniform magnetization along its axis expressed as follows:

M =MZ

Therefore, Pm =V M =0

The magnetization, M , is the net magnetic moment per unit volume of the permanent magnet and can be calculated using equation 8:
M =B, [u, ®)

Where L is the vacuum permeability and B, is a material property named remanence or residual flux density. It is an important factor
for permanent magnets and is obtainable from the hysteresis curve of the material (Jiles 1998).

To calculate surface charge ( o,,) we first should determine the unit surface normal vectors on the magnet. The cylindrical magnet has
three distinct surfaces as follows (Figure 5).
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Figure 5. Magnet core dimensions; 7 : permanent magnet radius, h: permanent magnet length
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Where % and 7 are the magnet core length and radius respectively. Also, z~ and 7~ are unit vectors in axial and radial directions.

Then, the surface charge density o, =M-n obtained as:

{—MS z=0
G, = ©)

Where M, is the magnetization of the magnetic core along the z axis. It is notable that for the cylindrical surface of the magnet,
o, =M-7=0 since the two vectors are perpendicular to each other. The North Pole surface of the magnetic core is located in the

right solenoid and the South Pole surface is located in the left one (Figure 6). Dimension d in this figure expresses the distance
between the magnet pole and the related coil middle point.

The magnetic core located exactly at the middle of the line connecting the two coils, so, each pole has the same distance to the
correlated coil’s end (d) . Due to the symmetric geometry of the actuator, we just need to calculate the force applied to one end surface
of the magnetic core and then double it to obtain the total applied force. These two forces are identical in magnitude but have opposite
directions. If we consider the North Pole of the magnet, firstly we need to calculate B, at this point. Choosing an arbitrary point, P,
on the North Pole z, and z, could be calculated as: z;, =d and z, =d +h.

Applying equations 5 and 7 the contributions of both coils at this specific point could be calculated and superposed.

Ias
oboboob/

Figure 6. The configuration of the electromagnetic actuator with two schematic coils and common magnetic core; R: solenoid radius, 7 : permanent
magnet radius, d: axial distance from each magnet pole to the center of related solenoid, z, : distance between North pole and the center of the right

solenoid, z, : distance between North Pole and the center of the left solenoid.
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Having the same current directions in two coils results in same direction magnetic field vectors algebraically added together (equation
11).
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Hence, applying equation 8, the force on the magnetic core is obtained:
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Substituting equation 12 into 13 results force applied to the North Pole of the magnetic core, generated by two right and left coils’
magnetic fields (equation 12
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The same story goes true for the South Pole. Regarding the symmetry, the South Pole experiences the same amount of force on the
correlated surface. Hence, equation 15 expresses the whole amount of force applied to the magnet core :

Eotal =2F
U2+d__ 4»-d
@+ R (= +(/2)) + R
=niB,.xr
U2-+h) . U2)+d+h)
Jd+h=(/2)* + R J(d+h+(/2) + R

(14)
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The maximum magnetic field and consequently, solenoid force occurs at the center of the coil. Hence, the centers of the coils would

be the best place for positioning the permanent magnet base surfaces or poles (d =0 in equations 11 and 13). Exerting the two
equations, Figure 7(a) and 7(b) depict such an actuator net magnetic field and force variations respectively in terms of inner diameter
(d;). In this analysis, some of the parameters get fixed as follows: the coil wire length (/,, = 3m) , the applied current to the actuator

coils (i = 0.33amp) based on (“American Wire Gauge Chart and AWG Electrical Current Load Limits Table with Skin Depth
Frequencies and Wire Breaking Strength” n.d.), the permanent magnet length (4 = 10mm) , the radial air-gap between magnet core and
coils coils (g = 0.2mm), magnet core residual flux density (B, =0.187) and the wire gauge (344WG). We tried to find the
optimum amount of inner diameter for a one-layer coil made by a fixed wire length (/,, =3m).
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Figure 7. a) Net magnetic field at the center of each coil of the actuator versus coil inner diameter. (I, wire length=3m, permanent magnet
length=10mm, b) The total force of the actuator versus coil inner diameter. (I, (wire length)=3m, permanent magnet length=10mm)

Figure 7(a) shows a maximum magnetic field at 4mm. When the inner diameter enlarges more than almost 4mm, the magnetic field

T
decreases due to the increase in distance vector () length. On the other hand, since the total force is proportional to the square of the



inner diameter, it eventually grows as inner diameter rises (Figure 7(b)). Since the wire length and applied current are constant, all
different coil combinations consume equal electrical powers.

3. Solenoid Geometry Design Optimization

In this section, determination of optimal values for coil geometry is discussed in order to obtain maximum magnetic field strength at
the center of coil bounding the consumed electrical power. We restrict the solenoid’s wire length (/) affecting the resistance also

flowing current ( 0.33amp ) through the conductor to ensure a certain amount of power consumption. The geometrical properties of a

coil include the solenoid length, /, the inner and outer diameter (d,,d, respectively) and the number of coil turns, N . According to

the previous section analytical results (Figure 7(b)) the solenoid force has an ascending relationship with solenoid inner diameter.
However, the magnetic field reaches the maximum nearly 4mm inner diameter, which is determined for the optimization analysis. In
order to find optimal solenoid length, we studied the distribution of certain wire length (/,,=3m) over different coil lengths varies from
0.16mm (the wire diameter) in a flat spiral coil to 42mm in a one-layer long coil. We performed this wide range of coil turn
distribution from the multi-layer planar coil all the way to the one-layer one just to get the idea that how the optimal geometry would
be look like. Applying z=0 in equation 5, which means selecting the arbitrary point (P) at the central loop, gives the maximum
magnitude of the magnetic field at the center of the solenoid (Figure 8(a)). Also, Force resulted from the interaction of the coil and the
magnetic core is presented in Figure 8(b).
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Figure 8. a) The magnetic field at the center of solenoid versus the solenoid length for a fixed-length wire (I,,=3m), b) Force at the center of

solenoid versus the solenoid length for a fixed-length wire (I, =3m)

The final goal of this section is to obtain an optimal multilayer geometry for the coil, therefore we need to know how various
geometrical parameters of a coil are correlated to each other. It is worth noting that, the radius in equation 5 must be the coil average
radius(da/ 2) which is the function of turn numbers (N) and circle packing density (A4). Circle packing density is the ratio of the cross-
section taken up by the wires to the available space. The maximum packing density is for the hexagonal lattice circle packing
arrangement shown in Figure 9 which has a packing density of /{12 (Schimpf2013; Weisstein n.d.).

Figure 9. Coil axial cross section and packing density (3); dl./2: coil inner radius, d,, /2 : coil average radius, I: coil length.

The relationship among coil average and internal diameters (d,,d;) , coil length (/ ), packing density (4) , turn numbers (N) and wire
cross section(a) explained in detail in (Schimpf 2013) as follows in equation 16:
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Moreover, IV is also considered a function of average diameter ( d, ) and wire length (/,,) by itself as expressed in equation 17.
. N . . . .

Therefore, the turn density (n = T) is a function of wire length and average diameter.

N=1I,/xd, (16)

Figure 10 depicts the variation of the solenoid’s average and external diameter with respect to solenoid length. Average diameter falls
significantly as solenoid length grows.
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Figure 10. Average and external diameters versus solenoid Length

Figure 11 illustrates the changes in solenoid turns (N) versus solenoid length. The increase in N is due to the drastic decrease in
average solenoid diameter while solenoid length rises.
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Figure 11. Solenoid turns versus solenoid length for a fixed-length wire (I, =3m)

In all coil configurations investigated above, the wire length and flowing current kept identical so, the electrical power consumption
for all of them is P = RI? = 0.2797 Watts.

The goal is to gain the maximum force out of a certain cross-sectional area of the solenoid. Hence, we maximized the ratio of force to
cross-section (F/ A) where A is the cross-section of the solenoid calculated by the external coil diameter (d,). Figure 14 illustrates
how the (F'/ A4) ratio varies with respect to the solenoid length.
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Figure 12. Force to solenoid cross-section ratio at the center of solenoid versus solenoid length for a fixed-length wire (l,,=3m)

The optimal amount for the solenoid length according to the graph in Figure 12 is / =6.4mm which maximize the force to cross-section
ratio to the amount of 662mN/mm?. The corresponding turn numbers, average coil diameter and external coil diameter at this
optimum length obtained from graphs in Figure 10 and Figure 11 as d,=4.7mm, d,=5.4mm and N=215 turns respectively.

The aforementioned solenoid optimal geometry also maximizes the (F'/ A) ratio drawn versus the solenoid cross-section in Figure 15.
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Figure 13. Force to solenoid cross-section ratio at the center of solenoid versus solenoid cross-section for a fixed-length wire (I,, =3m)

Conducting the analytical optimization above we found an optimum solenoid geometry for embedding in the electromagnetic actuator
structure to maximize the exerting force out of the solenoid size while bounding the power consumption to a certain amount. The
optimal coil geometry composed of almost 215 turns in 40 columns and nearly 5 layers. The coil inner and outer diameters are d;
=4mm and d,=5.4mm. According to the graphs presented in Figure 8(a) and 8(b), the maximum amounts for the magnetic field and
force at the center of the designed optimal coil are By, =12.26mT and F,,,x =17.88mN respectively.

Figure 12 and Figure 13 illustrate that increasing the size of the solenoid actuator leads to a drastic decrease in the actuation force. The
diagrams have an ascending trend on the small beginning portion of the diagram where the solenoid sizes are smaller than the
optimum one. From the peak point onwards, the actuation force decreases by enlarging the solenoid. In other words, the proposed
solenoid actuator is scalable and has generally the capability of generating higher forces by getting smaller. Figure 14, in addition,
strongly confirms this finding as it has almost the same behavior since the solenoid force drops significantly by increasing the volume
of the solenoid. This characteristic enables one to exert higher forces by combining several tiny actuators rather than using just a
larger one. However, there are some limitations in scaling down the size of the actuator which are discussed in the following section.
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Figure 14. Force at the center of solenoid versus the solenoid volume for a fixed-length wire (I, =3m)

In Figure 15 we compared various coil inner diameters in terms of three parameters: magnetic field, force, and force to cross-section
ratio. It verifies that our selection for inner diameter, 4mm, generates the maximum F / A among the other options.
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Figure 15. Comparison of the magnetic field, force, and force to cross-section ratio for different coil inner diameters (2,3,4,5 and 6 mm)
4. Manufacturing Aspects and Limitations

In this section, the restrictions of scaling down the size of the actuator are discussed. In the previous section, we just selected a
constant wire length and diameter to bound the power consumption and optimize the geometry of the coil to generate higher forces.
Regarding such constraints, we found some relatively small dimensions for the solenoid which optimize the generated force. It was
argued that enlarging those dimensions causes less force to cross-section or force to volume ratios. Although, the applied constraints
over the wire length and its diameter are originated in some manufacturing and implementation restrictions. We studied various wire
lengths as well as wire diameters to show how they affect the generated force and power consumption.

Firstly, we considered coils with different wire length having the same diameter (34AWG) as presented in Table 1. The results show
that longer wires consume more power, generate larger coils which produce more force to size ratio. However, the last column of the
table compares the generated force over the size and consumed power. Comparing the last column of Table 1, as expected, the smaller
coil made up of the shorter wire is the most effective option. Despite the efficiency of the mentioned coil, it is not executable thanks to
its small size (d; =1.85mm). Therefore, the wire length of 3m was chosen for the optimization study.



Table 1.Comparison of coils with various wire lengths but the same wire diameter (34AWG)

Wire Length  Optimum inner  Optimum coil ~ Consumed power  Force to cross- Force to cross-section
(Iw)-m dia. (di)-mm length ()-mm  (P)-Watt section ratio (F/A)  to power ratio (F/AP)
1 1.85 5.29 0.0932 325 3.48x10°
2 2.98 5.85 0.1864 541 2.90%10°
3 3.69 6.44 0.2797 662 237%10°
4 4.39 6.91 0.3729 756 2.03%10°
5 4.82 7.39 0.4661 827 1.78%10°

Secondly, we studied coils composed of equal wire length (/,, =3m) but different diameters. Since the wire diameters are different, the
allowable applying current (“American Wire Gauge Chart and AWG Electrical Current Load Limits Table with Skin Depth
Frequencies and Wire Breaking Strength” n.d.) varies in each case as well as the resistance per length (“American Wire Gauge”
2018), both presented in Table 2. In this case again the finest wire (404 WG) generates the highest amount of force to cross-section to
power ratio among the other cases (Table 2). Even though, due to the very fine geometry of the correlated coil (d; =2.27mm) and small
allowable current (/ =0.094) it is not applicable. Consequently, the wire size 34AWG was selected.

Table 2. Comparison of coils with various wire dia. but the same wire length (Iw=3m)

Wire Wire dia.  Resistance/length- Allowable  Optimum Optimum Force to cross- Force to
Gauge (dw)-mm  (m/m) current-A inner dia. coil length section to power cross-section
(di)-mm ()-mm ratio (F/AP) ratio (F/A)
34AWG  0.160 856 0.33 3.7 6.4 2.36 0.66
36AWG  0.127 1361 0.21 3.1 5.6 3.04 0.55
38AWG  0.101 2164 0.13 2.7 4.8 3.99 0.44
40AWG  0.0799 3441 0.09 2.3 4.1 4.65 0.39

Hence, there are some factors contribute in practical manufacturing and experimental condition confining our selection of the
optimum coil for the electromagnetic actuator.

5. The Influence of Solenoid Section Deformation on the Magnetic Field and Force

The actuator might undergo some squeezing and loses its round shape under the transverse loads. In this section, we are going to study
the compressive effect on the resultant magnetic field. Under radial load, circular cross-section turns into the ellipse and then by
increasing the load eccentricity of the elliptical cross-section will increase. In the following we consider the resulting magnetic field of
a planar elliptical current carrying conductor at the center of the geometry and then investigate the effect of ellipse eccentricity on the
field. For this purpose, we consider a current carrying elliptical wire geometry and then again use Biot-Savart law to explicitly
calculate the magnetic field due to the flowing current. This law gives the total magnetic field at an arbitrary point P in the space by
superposition of magnetic field contributors. Having vectorial form, only a few simple conductor geometries lead to an analytical
evaluation of the magnetic field and shapes other than a circular or straight wire leads to some complicated integral calculations
(Miranda 2000). Applying polar coordinates for general equation of conic sections (including ellipse) and using a vectorial form of
Biot-Savart law, an equation for the magnetic field has been derived in (Christodoulides 2009; Schroeder 2017). However, it is valid
just at a focus of the sections.

Using polar coordinate system for the expression of wire’s geometry, Miranda in (Miranda 2000) proposed a very simple line integral
(equation 18) using Biot-Savart law in scalar form in order to calculate the magnitude of magnetic field due to arbitrary shapes of
planar current-carrying conductors at a point belongs to the plane of wire.

_ Hol [dB
T 4q r

(17

Where r = r(0)is the expression of wire geometry in polar coordinate and measured from the observation point (O) located in the
same plane with the wire (Smythe 1989; Miranda 2000; Spiegel and Liu 1999). For an elliptical wire geometry shown in Figure 16,
the element of ds normal to r is rd(6). In addition, x=r cos@ and y=rsin 6 so that the line integral above expresses as the following:



uol [ Va?sinZ 6 + b2 cos? 6 do

2 2 2 2 2.2
Since, for ellipse geometry x—2+Z—2 =1,1= r COZS 4 +L S;l 4 =r*a?b>(b? cos® O +a*sin’ 0) .
a
On the other hand, the area of the ellipse is
A=rab (19)
And the perimeter is
jgw/dxz +dy? = f\/a2 sin? ¢ + b?cos? pdp =P
(20)

Since, the parametric form of the ellipse equation is X=aC0SQ , y=hsing; dx=—-asinpdp and dy =acospde . Substituting
equations 14 and 20 in 13, results:

B:i,uOIP/A @1

So, the magnitude of the magnetic field at the center of an elliptical conductor is proportional to the ratio of the circumference to the
area.

Figure 16. Current element on the elliptical conductor loop; a: semi-major axis of the ellipse, b: semi-minor axis of the ellipse, differential length
element on the elliptical current carrying loop.

We were interested to find the impact of solenoid section deformation on the magnetic field at the center. Considering equation 14, for
a one loop circular section with specific perimeter we studied the effect of section deformation as a function of ellipse eccentricity
(0 <e=c/a<1) as the circular section undergoes deformation and turns to an ellipse. The parameter “c” is the distance from the center

to a focus of the ellipse. Figure 17 depicts the variation of magnetic field versus elliptical eccentricity beginning from e=0 for a
round circular coil section and growing to e <1 for a squeezed oval coil.
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Figure 17. a) Magnetic field changes due to deformation of one current carrying loop section, b) Magnetic force changes due to deformation of one
current carrying loop section

Figure 17(a) depicts a drastic growth in the magnetic field at the center of a current carrying loop at e=0.8 showing that the
compressed and oval cross section of a solenoid escalates the resultant magnetic field at the center. However, because of the decrease
in cross-section of the squeezed and oval cross-section the magnetic core cross section also decreased leads to a significant drop in
magnetic force shown in Figure 17(b).

Maintaining a constant cross-section, we are interested to compare the magnetic field and force of circular and elliptical shapes
respectively. Figure 18(a) and 18(b) compare axial magnetic fields and forces for elliptical current carrying loops having the same
cross-section areas but different perimeters and eccentricity. As depicted in the graphs, both of the parameters show significant rises
around e=0.8. In this case, because of the constant cross-sections, the force has also an ascending trend similar to the magnetic field.
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Figure 18. a) Magnetic fields of elliptical current carrying loops with equal cross-sections but different perimeters and eccentricities, b) Magnetic
forces of elliptical current carrying loops with equal cross-sections but different perimeters and eccentricities

6. Discussion and Conclusion

This article discusses design optimization of a cylindrical solenoid with a permanent magnet core as the main component of the
electromagnetic actuator. The magnetic field and resultant force of the solenoid are formulized using Biot-Savart law and the charge
model respectively. Equations 5 and 14 denote the geometrical and physical parameters contributing in the magnetic field and force
respectively. The impact of cylindrical coil inner diameter (d;) on the magnetic field and force examined for a constant wire length.

Figure 7(a) and 7(b) show the dependency of the magnetic field and force to the inner diameter for a constant current passing
throughout the coil. Since the assumption of fixed wire length is considered the average diameter decreases as the coil length
increases. Therefore, the number of turns increases, up to a point where a single layer is reached. Results show that an increase in turn
numbers leads to an increase in both the magnetic field and force. We obtained an optimal value for the coil inner diameter which
maximized the magnetic field and later used this value to optimize the geometry so that it maximizes the force to the solenoid cross-
section ratio. As the inner diameter increases, the force enhances due to the increased magnetic core cross section.

According to the mentioned calculation for magnetic field and force, a solenoid geometrical design optimization was discussed. For
this study, a coil with a constant inner diameter and varying length was investigated. The magnetic field at the middle of the coil
maximized while the electrical power consumption was restricted by means of using a particular amount of wire length with a specific
wire cross section and also applying a constant current in the calculations. The applied current was chosen regarding the wire gauge
current restrictions. Using packing density factor and applying average diameter ( d,) in the relevant equations, the magnetic field at
the middle of the coil shows a maximum around a certain coil length. Hence, we got an optimized geometry of the coil in order to get
the maximum magnetic field in the middle while its power consumption is restricted.

We then investigated the effect of scaling down the coil size and surprisingly found that the smaller the coil’s size the more force to
cross-section ratio for the constant consumed power situation as well as more force to cross-section to power ratio in case that power
consumption is not restricted as illustrated in Figure 13, Figure 14, Table 1, and Table 2.

Next, since the coil might undergo some deformity due to the lateral forces, we investigated the effect of solenoid cross-section
compression turning the section from circle to oval shapes with different degrees of ellipticity. For this purpose, we used a simplified
form of Biot-Savart law toward the calculation of magnetic field at the center of the elliptic geometry and then formulized it for
various ellipses with the same circumference yet various cross-sections. Keeping constant perimeter (P) for the coil section, the
growth in elliptical eccentricity causes a decrease in the cross-section area (4) and thus raises the resultant magnetic field at the center



since it is proportional to the ratio of ellipse perimeter to its cross section. The coil cross-section deformation into oval increases the
magnetic field at the center as illustrated in Figure 17. The graph shows the dependency of the magnetic field at the center of a
constant perimeter geometry varies from a circle to squeezed ellipses. It initiates a significant escalation around the eccentricity of
e=0.8. However, section squeezing decrease the cross section causes a sharp drop in the resultant force. Studying elliptical sections
with the same cross-section areas but different perimeters and eccentricities show significant increases in both magnetic field and
forces at the center of the current carrying loop as section eccentricity increases.
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