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A B S T R A C T   

Electromagnetic levitation (EML) enables the handling of samples in a containerless manner, facilitating more 
precise measurements or manipulation of materials. Currently, EML coil design is based on two-dimensional (2D) 
mathematical models combined with empirical data and experience. We propose that employing a truly 3D 
model enables a more accurate and rational coil design. This approach shows significant differences in magnetic 
field, and the resulting lift and heating properties, when comparing a 2D and a 3D coil. A 3D coil, resembling the 
geometry of a 2D coil, requires more current to generate the same lift. Reversing the situation, a 3D coil pro-
ducing the exact same magnetic field as a 2D coil has a vastly different design. Furthermore, we show that the 
assumption that the magnetic field is homogeneous in the axial plane within the sample volume is invalid, even 
for small samples, in the upper and lower regions of the coil. Using a 3D model, we design a coil capable of 
levitating and melting an iridium sphere with a diameter of 6 mm.   

1. Introduction 

Electromagnetic levitation (EML) enables the handling of electrically 
conductive samples in a containerless manner. The lack of for instance 
thermal gradients, nucleation or impurities due to contact with a 
container leads to more precise measurements or manipulation of ma-
terials. As such, it has been used in solidification studies, thermo- 
physical property measurements and nanoparticle production [1]. An 
EML coil induces eddy currents in the sample, which simultaneously lift 
and heat the sample. Control is possible by balancing the lift (Lorentz 
force) and heat (Joule heating) through careful coil design [2]. 

Designing coils is a delicate process, as the smallest perturbation can 
have a large influence on sample stability and temperature [3]. To date, 
coil design is based on empirical data and experience: trial and error [4]. 
A reliable mathematical model would enable a more rational coil design. 

In the 1950s, the first mathematical models for an EML system used a 
simplified axisymmetric system where the coil and sample are replaced 
by concentric rings, see Fig. 1.1. In these models, the magnetic field is 
calculated analytically using the Biot-Savart law. The lift force, calcu-
lated using the principle of mutual inductance between the rings and the 
sample, the stable levitation position and the sample temperature are 
derived from the magnetic field [2,5]. 

Over the years, improvements of these models appeared, such as the 
determination of the exact solution of the total force acting on a 

spherical sample as a series of Bessel functions [6]. These improvements 
and additions to the models gained momentum around the year 2000 
with the arrival of more computational power and commercial physical 
modeling software, with an emphasis on numerical techniques such as 
the finite element method (FEM) [1]. Examples include 
electromagnetic-thermal coupled simulations [4] or calculating the 
dynamic shape of a sample in its liquid state [7], while considering 
sample oscillations [8] or the influence of the Marangoni effect [9]. 

However, most of these improvements have been made on the 
sample-side of mathematical modeling, whereas the coil-side has 
essentially remained unchanged. A notable exception to this is the work 
by Feng et al. These authors investigated the effect of the eddy current 
distribution inside the coil [10]. Still, the coil is modeled as a set of 
concentric rings. In reality the coil is, of course, often helical in shape 
and has intricate three-dimensional (3D) details such as a small loop to 
reverse the current polarity between the bottom and upper half. Fig. 1.2 
& 1.3 show examples of such coils. Recently, Yan et al. modeled a 3D coil 
[11]. However, their model still shows considerable deviations from 
their real levitation coil and they did not show the differences with the 
classic 2D coils. 

In this work we use the simplicity of the classic mathematical model, 
combined with an adjustment, to model the effects of a truly 3D coil on 
the magnetic field used for sample lifting in the central axis of the coil. 
We discuss the consequences and importance of this change for the 

* Corresponding author. 
E-mail addresses: j.p.witteveen@utwente.nl (J.P. Witteveen), a.vanhouselt@utwente.nl (A. van Houselt).  

Contents lists available at ScienceDirect 

Current Applied Physics 

journal homepage: www.elsevier.com/locate/cap 

https://doi.org/10.1016/j.cap.2021.09.016 
Received 29 January 2021; Received in revised form 7 September 2021; Accepted 26 September 2021   

mailto:j.p.witteveen@utwente.nl
mailto:a.vanhouselt@utwente.nl
www.sciencedirect.com/science/journal/15671739
https://www.elsevier.com/locate/cap
https://doi.org/10.1016/j.cap.2021.09.016
https://doi.org/10.1016/j.cap.2021.09.016
https://doi.org/10.1016/j.cap.2021.09.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cap.2021.09.016&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Current Applied Physics 32 (2021) 45–49

46

classic and contemporary models alike. In addition, we investigate the 
validity of an often made assumption that the axial magnetic field is 
homogeneous within the sample volume. Finally, we show that it is 
possible to levitate and melt pure iridium in a coil designed using a 3D 
model. 

2. Methods 

For the classic 2D calculations, we follow the model by Fromm and 
Jehn [5]. As said before, both the coil and sample are modeled as 
concentric rings with zero diameter, see Fig. 1.1. The Biot-Savart law is 
used to calculate the magnetic field Bz along the cylindrical axis of a 
single circular current loop, 

Bz(z) =
μI

2π(z2 + r2
loop)

3/2 (1)  

with μ the permeability, I the current through the loop, z the height and r 
the radius. The magnetic field of all individual loops is summed to find 
the total Bz at (0, 0, z). The assumption that the axial magnetic field is 
homogeneous within the sample volume readily provides the magnetic 
flux through the sample, by multiplying the sample ring area by Bz. The 
lift force acting on the sample is calculated using the gradient of the 
magnetic flux and the principle of mutual inductance between the rings 
and the sample [5], 

F =
− 2π

μ r3
sample B

dB
dz

G(x) (2)  

where G(x) is a dimensionless function of x = rsample/δ, δ being the skin 
depth. G(x) is zero in a static field and approaches unity for high fre-
quencies or low electrical resistivity of the sample [5]. 

Due to the non-uniform distribution of Bz over the height of the 
sample, Royer et al. discretized the sample in horizontal slices [12], as 
illustrated in Fig. 1.2 & 1.3. This allows them to modify the absorbed 
power by taking a volume weighted average of the original value. We 
apply the same principle to the force. Finally, stable levitation positions 
are found by equating the lift force with the gravitational force. 

The temperature of the sample, in vacuum conditions, can be 
calculated by equating the absorbed power due to Joule heating [5] with 
the power loss due to gray body radiation [13]. In the scope of this work, 
it is sufficient to realize that the absorbed power scales with |B|2, and 
consequently that the sample temperature increases with increasing 
magnetic field magnitude [13]. 

In our proposed 3D model, the coil is not modeled as a set of rings, 
but as a continuous tube composed of line segment, see Fig. 1.2 & 1.3. 
This tube spans the entirety of the coil, i.e. both helical coil segments, 
the small loop to change the current polarity and the connections 

towards the power source. Since the scope of this article is to show the 
differences between 2D and 3D modeling, we keep the model simple and 
do not consider the skin effect or mutual inductance between individual 
windings for the coil [10]. 

The magnetic field at (x, y, z) is calculated numerically using the 
Biot-Savart law by summing over n discrete line segments that make up 
the coil. The calculations are performed using a custom written code in 
MATLAB. The number of line segments n was increased until the relative 
change in the magnetic field per added segment was below 0.1%. As this 
method also provides the magnetic field in the x and y direction, one can 
optionally calculate Fx and Fy to find the stable levitation points in the 
xy-plane before proceeding with further calculations. 

Without the assumption of axial homogeneity of the magnetic field 
within the sample volume, the magnetic flux is calculated by integrating 
Bz over the area of the (circular) sample. Finally, Fz and the stable 
levitation positions are calculated in the same manner as in the 2D case. 

3. Comparison of 2D models with 3D coils 

Royer et al. optimized a coil for the levitation of aluminum using the 
classic 2D model [12], see coil 1 in Fig. 1. Trying to approach the di-
mensions and amount of windings as closely as possible, coil 2 is our 3D 
interpretation of coil 1. For all coils, we define z = 0 at the top winding of 
the bottom part of the coil. Using our proposed 3D model, the magnetic 
field Bz is calculated in a point grid of 500 by 500 by 500 using n = 2875 
line segments for coil 2. The magnitude of Bz, normalized to the current, 
is shown in Fig. 2.A for two slices of the grid. Taking only the vertical 
center line (0, 0, z) of Fig. 2.A, Bz is plotted versus z in Fig. 2.B. We can 
compare that with the magnetic field of 2D coil 1 at (0, 0, z), calculated 
using the classic model. Although the trend is similar, the values differ, 
especially in the lower regions of the coil. 

To illustrate the importance of these differences, Fig. 2.B also shows 
the gradient dBz/dz. This provides information on the magnetic force 
according to Equation (2). Not surprisingly, the gradient also shows 
differences between coil 1 and coil 2. The absolute value of the gradient 
for coil 2 is, for z values between 2.5 and 7.5 mm, actually smaller than 
for coil 1. Since also the normalized field strength for coil 2 is lower in 
this regime, the lift force will be lower for coil 2. As an example we 
consider the stable levitation positions for an aluminum sample with a 
diameter of 10 mm. Fig. 3 shows the current required (with a frequency 
of 180 kHz) to achieve these positions for both coils. It can be seen that 
the 3D coil 2 requires significantly more current to reach the same po-
sition as with the 2D coil 1. Intuitively, it makes sense that the 3D coil 2 
needs a higher current, since some of the magnetic energy is lost in the x 
and y direction. 

To further substantiate the point that 3D modeling is important, we 
now reverse the situation. Given 2D coil 1 and its magnetic field, what 

Fig. 1. Three electromagnetic levitation coils, according to the classic 2D- (1) and our proposed (2 & 3) 3D mathematical model. 1) A coil from Royer et al. optimized 
for aluminum levitation [12] and a single circular ring as levitation sample. 2) A 3D interpretation of coil 1. 3) A coil designed using a gradient based optimizer with 
the goal to produce the same magnetic field as coil 1. The (discretized) horizontal slices of the sample are illustrated by the ring and the stacked disks. 
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3D coil would produce precisely the same magnetic field? Using a 
gradient based optimizer native to MATLAB, which is set to vary the 
position of the coil windings, the Bz differences at x = y = 0 are mini-
mized. The supplementary material contains this MATLAB code. The 
result is coil 3 as shown in Fig. 1. Fig. 2.B shows that coil 1 and 3 give the 
exact same magnetic field and gradient at x = y = 0. Fig. 3 shows that 
this 3D coil 3 behaves precisely as 2D coil 1 for the example with an 
aluminum sample. Still, Fig. 1 shows that the coils do not look alike at 
all. The bottom windings of coil 1 are mostly stacked vertically, while 
those of coil 3 are mostly spiraling horizontally. This evidences that to 
get predictable results, 3D modeling is of the utmost importance. 

In contrast to the classic model, Bx and By are not cylindrically 
symmetric in the 3D case. These field asymmetries are especially 
generated in the part of the coil where the current polarity changes, and 
they influence the lateral stability and sample symmetry [11]. It is 
possible to find the stable levitation positions in the xy-plane using the 
3D model by equating Fxy in Equation (2) to zero. These stable positions 
are shown in Fig. 2.A and are independent of sample size [5]. Fig. 2.B 
also shows Bz of coil 2 at these positions. The magnetic fields at (0, 0, z) 
and at (x,y,z)stable deviate significantly around z = − 5 mm. It is near this 
position that the sample is heated to the maximum temperature, since | 
B|2 is maximum [5,13]. Therefore, if the focus is on heating, one should 
take the xy-position into account. 

4. Inhomogeneous magnetic field within the sample volume 

An often made assumption in the classic model is that the magnetic 
field is homogeneous in the xy-plane within the sample volume [2], 
when the radius of the sample is smaller than half the radius of the coil 
[5]. This assumption can be tested using our 3D model. 

Using the same approach as before to calculate the magnetic field in 
a grid, Fig. 4A once again shows the magnitude of Bz normalized to 
current, but this time for two slices in the xy-plane. Indeed, the magnetic 
field seems to be homogeneous for small radii, but has more significant 
deviations towards the edges. 

For EML purposes, the important property is the (variation of) the 
magnetic flux through the sample, since this relates to the levitation 
force and sample heating. The magnetic flux through slice A in Fig. 4.A is 
calculated and normalized to the area, i.e. the mean Bz is calculated. The 
average value of Bz is color coded in Fig. 4.B for the corresponding 
sample height and radius at the point labeled A. The same is done for 
slice B, and all other possible sample heights and radii. In the classic 
model, the average value of Bz is independent of the sample radius for 
every sample height, while in the 3D model the average value of Bz 
varies with increasing r, especially for high and low sample positions. 
Both models only give the same results regardless of sample size when z 
is around 2.5 mm. 

Interestingly, the absolute value of the magnetic flux increases with 
increasing sample radius. This means that the classic model gives an 
underestimation of the total magnetic flux through a realistic sample. 
Consequently, as the absorbed power in the sample scales with the 
magnetic flux squared [5,13], the classic model gives an underestima-
tion of the sample temperature. 

We now return to the validity of the assumption that the magnetic 
field is homogeneous when rsample < 0.5rcoil. For coil 2, the radius of the 
innermost winding rcoil = 12 mm, so at rsample = 6 mm the deviation 
should be negligible. This is clearly not the case in the lower and upper 
regions of the coil. At the lower region of the coil the generated heat is 
maximal. Therefore, if the focus is on heating, one should consider the 
underestimation of the temperature in the classic model, even for small 
samples. 

5. Experimental coil design 

Using the improved 3D model, which takes into account both a truly 
3D coil and an inhomogeneous axial magnetic field within the sample 
volume, it is possible to design a new coil capable of levitating and 
melting a 6 mm in diameter spherical sample of iridium for the first time. 
Iridium is difficult to levitate, due to its high density of 22.6 g/cm3. It is 

Fig. 2. A) Bz-field magnitude of coil 2 in 3D and the stable levitation points in the xy-plane. B) Comparison of Bz (left) and its gradient (right) of the three coils at x =
y = 0 and at the stable points for coil 2. Coil 1 is calculated using the classic 2D model, coil 2 & 3 using the 3D model. 

Fig. 3. Current required to reach a stable levitation height for a spherical 
aluminum sample for coil 1, 2 and 3. The sample has a diameter of 10 mm, the 
current has a frequency of 180 kHz. Coil 1 is calculated using the classic 2D 
model, coil 2 & 3 using the 3D model. 
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also difficult to melt, due to its relatively high melting temperature of 
2719 K [14]. To melt a sample, the current is decreased, so that the 
sample levitates in a lower region of the coil with a larger field strength, 
thus increasing temperature [13]. 

Fig. 5 shows a levitating iridium sample in its solid state with a coil 
current of 1055 A at 112 kHz. Stable levitation was achieved for a total 
of 10 min, at which point the current was slowly decreased. At 929 A, 
the sample levitated at a height of 1.9 mm and melted. This is evidenced 
by the solidified puddle of iridium after dropping the sample, see the 
inset of Fig. 5. Our model shows that for a similar 2D coil, levitation is 
not even possible at this height. In general, we did not manage to find a 
coil design capable of melting iridium using the classic 2D model. 

6. Conclusion 

Using the simplicity of the classic 2D model, with a minor adjustment 
to the way the magnetic field is calculated using the Biot-Savart law, we 
showed significant differences in the resulting lift and heating properties 
between a set of concentric circles and a realistic 3D coil. When 
designing coils using a 2D model, more current will be required during 
actual experiments than expected. Also, the stable sample position in the 
xy-plane should be taken into account when levitation is desired in the 
lower regions of a coil. Lastly, to get the same magnetic field in a 3D coil 
as in a 2D coil, a vastly different design is required. 

The assumption that the magnetic field is homogeneous in the x and 
y direction within the sample volume is invalid in the upper and lower 
regions of the coil. This leads to an underestimation of the magnetic flux 
and sample temperature in the classic model. 

In summary, we presented a mathematical model for truly 3D elec-
tromagnetic levitation coils and showed significant quantitative differ-
ences between 2D and 3D coils. The importance of 3D modeling is 
experimentally validated by the levitation and melting of iridium. 
Although coil design and optimization has received attention in litera-
ture [12,15], a substantial step forward is made by combining coil 
optimization with the evaluation of a truly 3D coil. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper. 

Acknowledgments 

This work was financed by the Dutch Research Council (NWO, 
15281). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cap.2021.09.016. 

References 

[1] L. Gao, Z. Shi, D. Li, G. Zhang, Y. Yang, A. McLean, K. Chattopadhyay, Applications 
of electromagnetic levitation and development of mathematical models: a review 
of the last 15 Years (2000 to 2015), Metall. Mater. Trans. B 47B (2016) 537. 

[2] E.C. Okress, D.M. Wroughton, G. Comenetz, P.H. Brace, J.C.R. Kelly, 
Electromagnetic levitation of solid and molten metals, J. Appl. Phys. 23 (1952) 
545. 

[3] L. Feng, W.Y. Shi, Influence of coil angle arrangement on dynamic deformation and 
stability of molten droplet in electromagnetic levitation system, ISIJ Int. 56 (2016) 
50. 

Fig. 4. A) Bz-field magnitude of coil 2 for two slices in the xy-plane. B) Normalized mean magnetic flux through a sample versus the sample height and radius. The 
values of slices A & B are indicated by the labels. 

Fig. 5. A 6 mm in diameter spherical sample of iridium levitating in a coil 
designed using the proposed 3D model. Inset: Solidified iridium after dropping 
the liquid sample. 

J.P. Witteveen et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.cap.2021.09.016
https://doi.org/10.1016/j.cap.2021.09.016
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref1
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref1
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref1
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref2
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref2
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref2
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref3
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref3
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref3


Current Applied Physics 32 (2021) 45–49

49

[4] A. Kermanpur, M. Jafari, M. Vaghayenegar, Electromagnetic-thermal coupled 
simulation of levitation melting of metals, J. Mater. Process. Technol. 211 (2011) 
222. 

[5] E. Fromm, H. Jehn, Electromagnetic forces and power absorption in levitation 
melting, Br. J. Appl. Phys. 16 (1965) 653. 

[6] W. Brisley, B.S. Thornton, Electromagnetic levitation calculations for axially 
symmetric systems, Br. J. Appl. Phys. 14 (1963) 682. 

[7] V. Bojarevics, K. Pericleous, M. Cross, Modeling the dynamics of magnetic 
semilevitation melting, Metall. Mater. Trans. B Process Metall. Mater. Process. Sci. 
31 (2000) 179. 

[8] V. Bojarevics, K. Pericleous, Modelling electromagnetically levitated liquid droplet 
oscillations, ISIJ Int. 43 (2003) 890. 

[9] L. Feng, W.Y. Shi, The influence of Marangoni effect on flow and deformation of an 
electromagnetically levitated molten droplet under static magnetic fields, Int. J. 
Heat Mass Tran. 101 (2016) 629. 

[10] L. Feng, W.Y. Shi, The influence of eddy effect of coils on flow and temperature 
fields of molten droplet in electromagnetic levitation device, Metall. Mater. Trans. 
B Process Metall. Mater. Process. Sci. 46 (2015) 1895. 

[11] P. Yan, G. Zhang, Y. Yang, A. Mclean, Numerical investigation of the position and 
asymmetric deformation of a molten droplet in the electromagnetic levitation 
system, Metall. Mater. Trans. B Process Metall. Mater. Process. Sci. (2019), https:// 
doi.org/10.1007/s11663-019-01723-9. 

[12] Z.L. Royer, C. Tackes, R. LeSar, R.E. Napolitano, Coil optimization for 
electromagnetic levitation using a genetic like algorithm, J. Appl. Phys. 113 
(2013), 214901. 

[13] D.M. Herlach, D.M. Matson, Solidification of Containerless Undercooled Melts, first 
ed., Wiley-VCH, 2012. 

[14] W.M. Haynes, CRC Handbook of Chemistry and Physics, 97th ed., CRC Press, Boca 
Raton, 2016. 

[15] S. Roberts, S. Kok, J. Zietsman, H. Inglis, Electromagnetic levitation coil design 
using gradient-based optimization Suzanne, in: 11th World Congress on Structural 
and Multidisciplinary Optimization, 2015. Sydney. 

J.P. Witteveen et al.                                                                                                                                                                                                                            

http://refhub.elsevier.com/S1567-1739(21)00232-7/sref4
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref4
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref4
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref5
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref5
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref6
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref6
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref7
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref7
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref7
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref8
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref8
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref9
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref9
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref9
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref10
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref10
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref10
https://doi.org/10.1007/s11663-019-01723-9
https://doi.org/10.1007/s11663-019-01723-9
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref12
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref12
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref12
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref13
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref13
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref14
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref14
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref15
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref15
http://refhub.elsevier.com/S1567-1739(21)00232-7/sref15

	3D modeling of electromagnetic levitation coils
	1 Introduction
	2 Methods
	3 Comparison of 2D models with 3D coils
	4 Inhomogeneous magnetic field within the sample volume
	5 Experimental coil design
	6 Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


