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I'EJIBMI'OJIbLI KATYIIIKA TEOMETPUACBIHBIH MATHUT OPICIHIH
IMAMACBHI MEH BIPTEKTIVIITTHE 9CEPI

THE INFLUENCE OF HELMHOLTZ COIL GEOMETRY ON THE MAGNITUDE
AND HOMOGENEITY OF THE MAGNETIC FIELD

BJIMAHUE T’EOMETPUU KATYIIKU I'EJIbBMI'OJIBIIA HA BEJIMYUHY
1 OJHOPOJHOCTDH MATHUTHOI'O NOJIA

Abstract. Creating installations capable of generating a stable and controllable homogeneous magnetic
field is a complex and urgent technical task in the field of applied engineering. Controlling the magnetic field
enables efficient manipulation of ferromagnetic micro- and nanoparticles, which opens up applications of
homogeneous magnetic fields in magnetic separation, sensor calibration, and artificial compensation of the
Earth's magnetic field. One of the new areas of application of such a homogeneous magnetic field is the
magnetic separation of ferromagnetic micro- and nanoparticles. A Helmholtz coil is the most popular
technology for creating and controlling a stable homogeneous magnetic field, consisting of two coaxial
identical coils separated by a distance equal to their radius. Today, this technology is used in many areas of
scientific research and technical applications. Geometrical configurations of the Helmholtz coil such as the
shape, number of turns, and spacing between them, have a significant effect on both the magnitude of the
magnetic field and its homogeneity. In this paper, theoretical calculations are performed comparing the effect
of the geometry of round and square Helmholtz coils on the homogeneity and magnitude of the magnetic
field. The calculations took into account the thickness of the coils and the arrangement of the turns. The
results showed that the value of the homogeneity zone of the round coil is larger than that of the square coll,
but the magnetic induction in this zone is larger for the square coil than for the round coil. When taking into
account the thickness, the difference between the coils is smaller than without taking into account the
thickness. In further studies, the obtained theoretical calculations of the distribution of the magnetic induction
of the Helmholtz coil will be used to analyze the experimental data. Also, based on these calculations, a
laboratory prototype for magnetic separation based on the Helmholtz coil will be developed.

Keywords: Helmholtz coil, Biot-Savart-Laplace law, magnetic field homogeneity, magnetic field
generator, computational model, coil geometry

AHOamna. Typakmbl xoHe 6ackapblnambeiH 6ipmekmi MaesHUM epiciH Kypyra Kabinemmi
KOHObIpFbIapObl Kypy KypOesi XoHe WyFblil mexXHUKasnbiKk MiHoem 6orbin mabsinadsl. OcbiHOal bipmekmi
MazHUm epiciH KondaHyObiH xaHa 6arbimmapbiHbiH 6ipi MUKDO- XoHe HaHoesnwemoi gheppoMazHUMMIK
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benwekmepdiH mazcHUMmMIk 6eniHyi 6onbin mabbiiadsl. [enbMa0nby, Kamywkacbl mypakmsi 6ipmexkmi
MazsHUm epiciH Kypyra xoHe backapyra apHasnfaH eH maHbiMana mexHosnoausi 6onbin mabbinadbl. byn
MeXHOMo2us  fbifbIMU ~ 3epmmeyrnep MeH MmexHUKarnblK KondaHyOblH KenmezeH cananapbiHoa
KondaHbinadbl. [enbmeonby, KamyuwkachiHbiH 2e0MempusifibiK KOHgbuaypayusnapbl Ma2Hum epiciHiH
wamacbiHa 0a, oHbIH 6ipmekmirnieciHe 0e acep emedi. by xxyMmbicma 0eHeernekK xoHe wapuibl enbmMaorby,
KamywkKanapblHbIH 2€0MEempUSICbIHbIH ~Maz2Hum epiciHiH b6ipmekminiei MeH wamacbiHa 8cepiH
canbicmbipambiH MeopuUsinbIK ecenmeyrnep opbiHOanaokl. Ecenmeynep kamywkanapObiH KarbIHObIFbIH
XoHe 6ypbinbicmapdbiH opHanacybiH eckepli. Hemuxenep wapwbl KamywkKaHblH Ma2HUm epiciHiH
abconrommi MoHi deHezenek Kamyuwkara KaparaHOa Xofapbl eKeHiH kepcemmi. [JezeHmeH, OeHzenek
lenbmeornby kamywkackl Mag2Hum epiciHiH Xakcbkl bipmekmirigiH kepcemmi.

Tylin ce3dep: lenbmeonsy opambl, buo-Casapm-/lannac 3aHbl, MazHUM 6piciHiH 6ipmekmirniei,
MaegHUm epiciHiH e2eHepamopsbl, ecernmey Mooesi

AHHOomayusi. Cos0aHue YyCcmaHOBOK, CrOCOBHbLIX eeHepuposamb cmabusibHoe U yrpasnsemMoe
00HOPOOHOE MagHUMHOe roJie, S8Nemcs C/OXHOU U akmyarnbHOU mexHu4eckol 3adadyel e obrnacmu
npuknadHol UHXeHepuu. YrnpaeneHue MazHUMHbIM rofemM 0aem 803MOXHOCMb 3QhHEKMUBHO
KOHmMposnuposams ¢heppoMazHUMHbIE MUKPO- U HaHoYyacmuubl, 4Ymo 0aem 803MOXHOCMb MPUMEHEHUS
OOHOPOOHO20 MasHUMHO20 rosii 8 obnacmu MasHUMHOU cenapayuu, Kanubpoeku CceHcopos U
UCKYycCme8eHHo20 ObBHyneHusi maeHumHoeo nons 3emnu. Kamywka [enbmzonbya sensemcs camol
nonynspHol mexHono2uli co30aHusi U yrnpaeneHuss cmabusibHbiM OOHOPOOHLIM MagHUMHbLIM [OS1EM,
cocmosiwasi ux 08YyX COOCHbIX Kamywek, PpaccmosiHue Mex0y KOomopbIMU pasHo ux paduycy. Ha
ce200HsIWHUL OeHb OaHHasi MexXHOJI02Us UCMONb3yemcsi 60 MHo2ux obriacmsix Hay4HbIx uccredosaHull u
mexHUYeCcKUX npunoxeHud. leomempuydeckue KoHgbuypayuu kamywku lenbM2onsua, makue Kak gpopma,
Konu4yecme 8UMmMK08 U paccmosiHue Mexdy HUMU, OKa3bl8atom CyuecmeeHHoe 8/IUSIHUE KaK Ha 8eslUuYUHY
Maz2HUMHO20 oJisl, makK U Ha e20 00HOPoOHocmb. B daHHOU pabome 6biNonHeHbl meopemuyeckue
pacyemsl, cpasHugsalwue eUsSHUE 2e0Mempuu Kpyarbix U KeadpamHbix kamywek [enbmeonbuya Ha
O0OHOPOOHOCMb U 8e/lU4UHY MacHUmHo20 nond. pu pacdemax ydumbiganacb MOAWUHa Kamyuwek u
pacrionoxeHue sumkos. Pe3ynbmamel okasasu, 4mo eenuyuHa 30HbI 00HOPOOHOCMU Kpyarioll KamywKu
bonbwe, Yem y keadpamHol, HO MagHUMHasi UHOYKYUs 8 amol 30He 6osblue y keadpamHol KamywkKu, Yyem
y Kkpyenod. lNpu yyeme monuwuHbl pa3Huya Mexo0y kamywkamu MeHbwe, YyeMm 6e3 ydema monwuHsl. B
OarnbHeliwux uccnedoeaHUsIX MOJyYEHHbIE Meopemuyeckue pacyemsb! pacrpedesieHus Ma2HUmHoul
UHOYKUYUU Kamywku [enibMeonbua 6y0ym npumeHeHbl 055l aHanu3a sKcrnepuMeHmarbHbiX OaHHbIX. Takxe
Ha ocHoge OaHHbIX pacdemos 6ydem paspabomaH nabopamopHbili npomomun 075 MagHUMHoU
cenapayuu Ha ocHose kamyuwku [enbmeonbya.

Knrouyeebie cnoea: kamywka [enbmzonbya, 3akoH buo-Caeapa-/lannaca, 00HOPOOHOCMb
MaeHUMHOeO0 0oJ1s, 2eHepamop MagHUMHORZ0 r10J151, 8bl4UcCIUMesbHasi Mooesb

Introduction. Currently, Helmholtz coils have found wide application in various fields of
technology due to the design of systems with a controlled uniform magnetic field on their basis
and their universal and simple design. "Helmholtz coil" refers to two uniaxial coils located in
parallel planes at a distance equal to their radius. The currents in each coil are directed so that the
magnetic fields in the center of the two coils add up and reinforce each other (Schill & Hoff,
2001). If using round coils, the distance between them should be equal to their average radius.
When using square coils, this distance is 0.5445 — a multiple of the length of one side of the coil
(Schill & Hoff, 2001). This distance ensures optimal homogeneity of the magnetic field over the
entire area.

Helmholtz coils are used in many technical applications. For example, in (Haghnegahdar et
al., 2014), the effective use of pulsed electromagnetic fields created by Helmholtz coils was
demonstrated to accelerate the healing process of periodontitis. Helmholtz coils are also of great
interest for experiments in space biology (Fontanet, Marcos, & Ribd, 2019; Martino et al., 2010)
due to their ability to neutralize the Earth's magnetic field and conduct various abiotic and
biological experiments. A system with a controlled magnetic field based on a Helmholtz coil has
also found wide application in medicine (Brendan et al., 2015).

Large-area coils are mainly used to nullify the Earth's magnetic field. Thus, many studies aim
to optimize Helmholtz coils' design to create more efficient and cost-effective solutions with a
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larger functional area (Sadiq & Oluyombo, 2019). Such Helmholtz coils are actively used to
calibrate magnetic fluxgate magnetometers, where the uniformity of magnetic fields is critically
important. These magnetometers are used in geomagnetic observatories to study phenomena
associated with geomagnetic storms and the solar-terrestrial system. However, it should be noted
that commercial large-area Helmholtz coils are very expensive, and alternative Helmholtz coil
systems are needed to create more efficient coils with a smaller area suitable for testing energy
systems (Saqib, Francis, & Francis, 2020; Wang, She, & Zhang, 2002).

One of the new applications of the Helmholtz coil is the control of magnetic microrobots
(Ramos-Sebastian & Kim, 2021). To implement the control, systems of three pairs of coils, or so-
called 3D coils, were created. The main advantage of these systems is the ability to create a
uniform magnetic field and a field gradient. These three-dimensional structures for controlled
magnetic field generation in any direction are also used for a detailed characterization of the
response of Hall probes (Fontanet et al., 2019). Control of ferromagnetic particles using a
controlled magnetic field can be applied in oncological research (Kang et al., 2024) and the
separation of magnetic particles (Valeev et al., 2019).

For controlled and repeatable impact on experimental samples, creating a given spatial
distribution of a uniform magnetic field is necessary. For these purposes, several studies (Herceg,
Juhas, & Milutinov, 2009; Azpurua, 2012; Study and analysis..., n.d.) on the influence of the
Helmholtz coil geometry on the level of intensity and uniformity of the magnetic field were
conducted, mainly comparing round and square pairs of coils. This relationship between the
magnetic field parameters and the physical parameters of the Helmholtz coil will allow the
creation of universal laboratory setups. Thus, to calibrate magnetic field sensors used in small
satellites such as CubeSats in (Hurtado-Velasco & Gonzalez-Llorente, 2016; Batista et al., 2018;
Restrepo et al., 2017), a set of studies was carried out, including both modeling and experimental
study of a square Helmholtz coil to determine the magnitude and direction of the magnetic field
at any point around the coil. In addition to square and round coil geometries, there are also
triangular Helmholtz coils; in the article (Restrepo et al., 2017), comparative calculations of three
different geometries with the same coil perimeter were carried out. The results demonstrated high
homogeneity of the Helmholtz circular coil. However, these studies did not take into account the
thickness of the copper wires and insulation, as well as the arrangement of the turns. In (Crosser
et al., 2010), the influence of gaps between adjacent layers of windings caused by the insulation
of copper wires was demonstrated in the study of the magnetic field in the geometric center
between the coils. Indeed, the influence of the winding location on the intensity of the uniform
field is a very important problem. In (Beiranvand, 2017), a study was conducted on the impact of
deformation of the cross-sectional shape of small coils on the generated magnetic field, and its
homogeneity and optimized system dimensions with increased field homogeneity were proposed.

Thus, at present, many works are devoted to studying the physical parameters of Helmholtz
coils and comparing different coil geometries. Still, the lack of comprehensive studies motivates
further study of systems based on Helmholtz coils.

This paper presents a comparative study of magnetic field homogeneity and intensity for the
most popular Helmholtz coil geometries, supported by the thickness and arrangement of the turns.
In addition, this paper presents simplified expressions for the calculations of round and square
coils. In this study, for the first time, the influence of both the conductor thickness and the spatial
arrangement of the turns was taken into account in the comparative analysis of Helmholtz coil
geometries on the homogeneity and magnitude of the generated magnetic field.

Methods. The study of the homogeneity and intensity of the magnetic field created by
Helmholtz coils with a given current distribution was carried out according to the Biot-Savart-
Laplace law:
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_ Mo Liavr]
B=l (1)
where B is the magnetic induction vector; r — a vector drawn from a given infinitesimal volume
element dV to the desired point at which the magnitude of the magnetic field is determined; jI is
the current density I (the index I was introduced to avoid repetition with one of the vectors of the
basis of the Cartesian coordinate system, namely with the vector j).

Construction of equations for determining magnetic induction for square and round Helmholtz
coils without taking into account the thickness and arrangement of turns

To perform the calculations, the following constants were introduced: the radius of round coils
is R, the length of square coils is L, the magnetic constant is py, and Cartesian coordinate systems
are x,y,z. The case of coils with the same number of turns and the same current value is
considered.

The equation of one circular ring of the Helmholtz coil, determined on the basis of the diagram
shown in Figure 1:

f27'r (iz cosa+jzsina+k(R-y sina—xcosa))da

— Ho
B = 4T IR 0 ((x=Rcosa)2+(y—Rsina)?+z2)15 ’ (2)

v
Figure 1. Schematic diagram of a circular Helmholtz coil
Note — compiled by the author

The equation of one square ring of the Helmholtz coil, defined according to Figure 2:
B = B,i+ B,j + B,k

B, = z(F, — F,)
By = Z(F3 - Fl)
5=+ DA (-9 (=Y (DR ®

where
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Figure 2. Schematic diagram of a square Helmholtz coil
Note — compiled by the author

The equation of the magnetic induction vector for two rings (Helmholtz coil) is calculated
using the superposition principle:

B(z) = BW(2) + BW(z — D), 4)

where B is determined by formula (2) or formula (3). The magnetic induction vector can be
approximately found for coils with N turns by multiplying the value from formula (4) by N.

Calculations of the magnetic induction vector of Helmholtz coils are carried out at the same
current value, number of turns, perimeter (4L = 2mR), and the optimal distance between them.

The optimal distance between round coils is equal to their radius; for square coils, it is
approximately equal to 0.5445L.

All calculations of magnetic induction and field homogeneity for different Helmholtz coil
geometries were performed using the Python programming language with numerical integration,
which made it possible to accurately take into account the influence of the conductor thickness
and the arrangement of the turns on the magnetic field distribution.

Results and Analysis. Comparison of magnetic fields taking into account the thickness and
arrangement of the turns

The formulas below, taking into account the thickness of the coil, are also derived from the
Biot-Savart law. The thickness of the wire is designated as 24, and the thickness of the insulation
is designated as 2s (the thickness of the wire and insulation is determined according to Figure 3).

The equation of one circular ring taking into account the thickness, determined according to
Figure 3:

B 0,0,z = (i(z—z’)cos<p+j(z—z’)sin(p+k(p—ysin(p—xcosqo))pdgodpdz'
- f<ﬂ,P,Z'="' ((x—pcos@)2+(y—psing)2+(z—-z')2)15

A )
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X

Figure 3. Schematic of one ring of a circular Helmholtz coil taking into account the thickness
Note — compiled by the author

The equation of one square ring taking into account the thickness according to Figure 4:

where

. (?j(z —psing) + k (y + (% + 6) — p cos (p)) pdodpdz’

1.5

= ((z—psin<p)2+(y+(i+6) pCOS(p) +(x+%—z’)2)

. <ii(z —psing) ¥k (% + 6) p cos <p)> pdedpdz’

P ((z —psing)2 + (x ( ) p cos <p) (y + % - Z')Z)

1.5

2 15

((x?(%+6)—pcos<p 2+(yi(%+6)—psingo) +(z—z’)2>
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(i(z —z')cosp+j(z—2z")sinp + k (p < ) singp — ( + 6)) cos go>> pdodpdz’

1.5

((x (L ) p cos <P) ( ( ) psmgo) + (z—z')Z)

pZ— J82=(p-5)2
< pz' = ) 4”"52 ofz =—/862—(p-6)2
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I
> 1

»
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v

Figure 4. Schematic of one ring of a square Helmholtz coil taking into account the thickness
Note — compiled by the author

The resulting magnetic field is calculated using formula (7), where the values of Na and Nb
are defined in Figure 5.
If Na is an even number, then

B=Y2_, <2”b (2?7:1[3@ + (5 +s)(=DF +2(6 +5)(i — 1)(=1¥, G)])),
G=R+2(6+s)(—-1),
G = 2(§+ 206 +5)(j — 1)).
If Na is an odd number, then

B =B(R) + iy (2}“:1 <Zg1[3(z +2i(8 + (-1, G)])>,

- (7
B =B(zR)+ Y2, <z§’§1< 2 (B(z+2i(5 +)(-D% R+2(5 +5)( — 1))))),

For square and round coils, the values are calculated on the z-axis at x=y=0, with the same
perimeter 4L + 2nd = 2nR, the same current (I=3 A), the number of turns N, = N, = 20 and at
the optimal distance. Insulation thickness is s = 0.1 mm, and the wire thickness is § = 1.4 Mmm.

The optimal distance for a round coil is defined as:

D =R+ Ny(5 +5). (8)
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For a square coil, the optimal distance is calculated using the equation:
D = 0.5445(L + 2N, (8 + 5)). 9)

A/' Nb { “ °

2(3+s)
! N,- odd
JEZ LL L

(0,0,0)
N,- even
& A [.T.‘

(0,0,0)

» =

v

Figure 5. Taking into account the arrangement of turns o and the thickness of the insulation s.
Note — compiled by the author

The calculations were obtained by integrating using the Newton-Cotes formula (a second-
degree polynomial was used). The relative errors are determined using the Runge method as

“2;’—_1”| (where I, is the approximately calculated integral with the number of steps h), are less
than 0.5% for all calculated values.

For a more visual comparison, we will place the center of the coordinate system in the middle
between the rings, i.e., the formulas above use the value B(z) = B (z + g)

0,012

Circle coils
Square coils

0,010

0,008

0,006

Magnetic field B, (mT)

0,004

0,002

0,2 -0,1 00 0,1 02
distance z (m)
Figure 6. Distribution of the magnetic field of a pair of round and square

Helmbholtz coils on the z-axis
Note — compiled by the author

Figure 6 shows a comparison of the magnetic field intensity of a round and square coil. A
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comparison of the magnetic field homogeneity is shown in Figure 7.

Circle coils

[— Square coils|

B//Blllll,\

T
0.2 -0,1 0,0 0,1 02
distance z (m)

Figure 7. Normalized distribution of the magnetic field of a pair of round and square Helmbholtz coils
Note — compiled by the author

From the graphs shown in Figures 6 and 7, it is evident that the homogeneity zone is better

Brw@=0) 107 ,ie.a 7%

for the round coil. The absolute value is higher for the square coil (B (=0)
AN

stronger field, without taking into account the thickness of the coil — % ~ 1.1532). For
ZKkp\4—
a round coil, the relative distance at which the field is 99% of the maximum is — 2 _ _~0.29
R+Np(6+s)

(0.3137 excluding the coil thickness), for a square coil it is —Z __~0.26 (0.2692
R+Np(6+s)

excluding the coil thickness), the difference between the relative distances taking into account
the thickness is % ~ 1.1154 or 12% (17% excluding the coil thickness).

Conclusions. This research paper describes the basic theoretical measurements of the magnetic
induction generated by a round and square Helmholtz coil, taking into account the thickness and
arrangement of the turns and a comparison of their magnetic induction. Calculations show that
the value of the homogeneity zone of the round coil is larger than that of the square coil, but the
magnetic induction in this zone is larger for the square coil than for the round coil. When taking
into account the thickness, the difference between the coils is smaller than without taking into
account the thickness.

In future studies, the obtained theoretical calculations of the distribution of magnetic induction
of the Helmholtz coil will be experimentally compared. Based on the theoretical calculations, a
laboratory prototype based on a Helmholtz coil is being developed for the magnetic separation of
industrial fly ash.
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