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Abstract 

We developed a novel cylindrical magnetic levitation stage 

that provides rotational motion with high precision in a 

vacuum environment. The heat dissipation from a magnetic 

levitation stage is investigated numerically. In order to 

facilitate heat transfer from the inner space vacuum, a copper 
pipe is inserted in the coil base of the stator to circulate 

cooling water. The modules are analyzed using the finite 

element method (FEM) to determine the effects of the 

electrical current and the flow velocity of the cooling water. 

The results indicate that the augmentation of the cooling pipe 

brings about a significant enhancement in the heat dissipation 

performance of the magnetic levitation stage. The coil 

temperature is shown to decrease as the flow rate increases, or 

as the current decreases. The proposed cooling scheme sheds 

light on an optimal design for a vacuum-based 

electromagnetic system. This, in turn, could significantly 

affect next-generation semiconductor manufacturing. 

 

Keywords: Stage design, heat transfer, magnetic levitation 

stage, numerical analysis. 

 

 

Introduction 

With the advent of nanotechnology, the use of high precision 

stages is rapidly increasing in the field of nanoscale 

patterning. The magnetic levitation stage is regarded as a 

promising option for a high precision positioning mechanism 

[1]. It has many advantages over a conventional mechanical 
stage in that it does not require a tight bearing tolerance, and 

does not need expensive piezoelectric systems [2]. In this 

regard, various types of magnetic levitation stages have been 

developed and analyzed [2-7]. Sawyer [3] first presented a 

magnetically levitated stage for focusing and alignment, and 

large planar motions for positioning, using a single 

magnetically levitated moving part, (a platen). Shan [4] 

proposed a motion control technique with ultra-high precision 

for a magnetic suspension stage.  Chen [5] developed a dual-

axis repulsive maglev guiding system that uses a permanent 

magnet. More recently, Kim [2] designed and implemented a 

novel planar magnetic levitator with four permanent magnet 

linear motors. This pioneering work was extended by Jeon [6], 

who developed a state-of-the-art magnetic levitation system 

that can handle six degree of freedom movement (x, y, z, θx, 

θy, θz) in both wafer size and nanoscale positioning. Jeon also 

developed a novel cylindrical magnetic levitation stage to 

overcome the shortcomings of the planar stage, and to 

efficiently provide levitation, rotational, and translational 

movement [7]. Due to its novelty and technological 

advantages, it is often called the third generation magnetic 

levitation stage [7]. The basic various heat transfer theories 

are explained in detail in the literature [8]. The optimization of 
various heat transfer mechanism is well explained [9]. 

Temperature rise of a permanent magnet linear motor has 

been calculated with consideration of the thermal conduction 

and heat convection mechanism in the air [10]. The vacuum 

condition, accordingly the radiative heat transfer was not 

considered. The transient heat conduction through a water 

jacket of a permanent magnet linear motor in the air is 

analyzed in ref. [11]. The heat transfer analysis of a linear 

motor driven stage was performed by using a simplified 

thermal resistance  modeling and verified with a finite element 

analysis [12]. Temperature calcuation for tubular linear motor 

in ambient conditions has been performed[13]. A transient 

lumped-parameter thermal model of an induction motor has 

been proposed[14]. Various thermal analysis including 

computational fluid dynamics for the electric machines are 

considered[15]. 

A key issue related to the cylindrical stage is temperature 

elevation. Due to high energy density and the vacuum inner 

space of the stage, the heat generated at the magnetic core 

cannot be dissipated efficiently to the surroundings. The 

resulting high core temperature decreases the energy 

efficiency and potentially results in failure of the system. The 

only heat transfer mode allowed for the magnetic levitation 
stage is the conduction heat transfer through the stator base 

[4] since the convection heat transfer path is block by the 

vacuum environment, and the radiation heat transfer is 

negligible at typical system temperatures. In order to solve 

this thermal problem, we propose a cooling scheme wherein a 

water-flowing tube is inserted in the module base, so that the 

generated heat can easily escape via internal convection heat 

transfer to the outside. 

For this purpose, the thermal performance of the proposed 

cooling scheme needs to be demonstrated and characterized. 

In this study, the heat dissipation from a cylindrical magnetic 

levitation stage is investigated numerically and 

experimentally. The stator is incorporated with the cooling 

pipe, and was analyzed by using finite element numerical 

simulation to investigate the effect of the electrical current, 

and the flow velocity of the cooling water. 
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Structure of the magnetic levitation stage design 

A schematic diagram cylindrical electro-magnetic motor 

considered in this study is shown in Fig. 1. The whole 

assembly is used in a vacuum environment. This figure shows 

the front view of the coil module set. The module consists of a 

permanent magnet (rotor), six coil modules, each with a 

module base surrounding the rotor. A cooling tube is inserted 

in the module base to circulate the cooling water. During the 

actuating procedure, heat generated in the coil module cannot 

be dissipated through the inner space of the actuator, whereas 

the main thermal path is radial thermal conduction through the 

module base. Another thermal dissipation mechanism is a 
radiation from the surrounding vacuum chamber to an 

adjacent environment. Therefore, the coil module is the major 

concern in terms of thermal issues. A two dimensional (2-D) 

diagram for a coil module is shown in Fig. 1. The coil module 

consists of a module base with a cooling pipe, a spacer, and 

the coil. From figure1, cooling water flows to the left and 

comes out the right side. The coil modules are attached to the 

module base through the epoxy bonding as like Fig. 2. The 

epoxy part has a crucial role in dissipating the heat generated 

in the coil assembly to the cooling water. The thermally 

conductive epoxy (T7110, Epoxy technology Co. Ltd., MA, 

USA) was applied to enhance the heat conduction. The 

materials and dimensions of the components are summarized 

in Table 1. Each coil shown in Fig. 3 represents hundreds of 

copper windings. The coils are separated by spacers. The coils 

have an insulation coating to electrically disconnect the 

copper coil and aluminum spacer. Thermal epoxy is applied 

between the coil module and the module base for good 

mechanical and thermal connection. The size of the coil is 

102.6 mm long × 42 mm high, 12.6 mm wide, and 7.7 mm 

thick. The coil base has dimensions of 102 mm × 86.4 mm 

with a thickness of 26.5 mm. The distance between the centers 

of the two pipe holes is 35 mm. The radius of curvature of the 
saddle is 94 mm. The diameter of the cooling pipe hole is 5 

mm. The thickness of the epoxy layer is minimum 1.15 mm 

and maximum 3.1mm. 

 

 
 

Fig. 1. Schematic diagram of an electro-magnetic motor. 
 

 
 

Fig. 2. Epoxy thickness. 

 

 
 

Fig. 3. Computational domain for numerical study. 

 

 

Numerical Study 

The computational domain considered in this study is shown 

in Fig. 3. The domain consists of a copper coil, an aluminum 
spacer between coils, a coil base made of beryllium copper, a 

copper cooling pipe, thermal epoxy between the coil module 

and the coil base, and water flowing inside the cooling pipe. 

We conducted a multi-physics simulation using the ANSYS 

commercial finite element software program (Workbench14, 

Ansys Inc., PA, USA). The program, which can simulate a 

thermal-electrical coupled problem, was used to analyze the 

temperature distribution in the system, as shown in Fig. 

3.Since the problem involves convection heat transfer 

between the cooling water and the cooling pipe, the 

temperature solution for the multi-physical problem cannot be 

obtained with one computation. In order to solve this problem, 

we first solved the Joule heating rate generated in the coil 

without consideration of the flowing water. The coupling 

between heating and electrical fields is accounted for by 

simultaneously solving the following governing equations: 

0V  (1) 

2
( )p

T
c k T V

t
 (2) 

where V is electrostatic potential, λ is electrical conductivity, k 

is the thermal conductivity, T is temperature, ρ is density, cp is 

specific heat, and t is time. Equation (1) corresponds to the 

electrical conduction equation, and Eq. (2) is the thermal 

conduction equation. The right hand side of Eq. (2) 
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corresponds to Joule heating induced by the electric current 

caused by the electrostatic potential gradient. The current 

density, J, has the following correlation with V: 

VJ


 (3) 

Combining Eqs. (1), (2), and (3) yields the Joule heating 

distribution in the coil. Figure 4 shows the estimated current 

flux (this also indicates the heat flux) distribution in coil. 

 

 
 

Fig. 4. Estimated current flux in the coil. 

 

 

The estimated Joule heating distribution is then imported into 

the FEM package to solve the convection heat transfer 

problem and obtain the temperature distribution in the core. 

The governing equations are as follows: 

( )p

T
c k T Q

t
 

 (4) 

Equation (4) represents the solid. Q denotes the heat 

generation per unit volume, and this is given as estimated in 

the previous stage. Equations (5) and (6) are for the fluid. 

Equation (5) is the Navier-Stokes equation, and Eq. (6) 

represents the energy equation. Thus, 

2v
v v P v

t


  

  (5) 

p p

T
c c u T k T

t


 (6) 

where u


is the flow velocity vector. Natural convective 

boundary conditions were applied at the bottom surface of the 

coil base. Due to the vacuum environment, the other surfaces 

were defined as insulation boundary conditions. The 

thermophysical properties of the coil, coil base, spacer, 
thermal epoxy, and water were accurately estimated based on 

reports from the literature [8], as summarized in Table 1. The 

geometries of the computational domain were the same as 

those used in the experimental cases. 

 

Table 1 Properties of materials used in the numerical 

study 

 

 ρ (kg/m3) cp(J/kgK) k (W/mK) 

Cu (coil, pipe) 8,933 195 387.6 

Al (Spacer) 2,700 869 167 

Epoxy T7110 1,500 1120 1 

Water (20 oC) 1,000 4,180 0.6 

BeCu (base) 8,250 1250 260 

 

Results 

The effect of the flow velocity on the temperature distribution 

in the coil module is illustrated in Fig. 5. In this figure, the 

first row corresponds to the plane-cut distribution with respect 

to the z axis, the second row is a perspective view, and the 

third row represents the quantitative values. The first column 

represents 0.1 m/s, 0.01 m/s, and no water case, respectively. 

As shown in the figure, the flow rate has a significant effect 

on the coil temperature. When 0.01 m/s water is applied, the 

coil temperature decreases by 55% compared with the no-

water case. However, when the flow velocity is 0.1 m/s, the 

coil temperature decreases by only 17% compared with the 
0.01 m/s case. This indicates that the entire thermal resistance 

of the coil module is dominated by high conduction thermal 

resistance. Therefore, applying cooling water has a significant 

effect on the temperature of the magnetic levitation stage, 

regardless of the flow rate of the cooling water. The 

convection heat transfer of the cooling water can be quantified 

as follows: 

conv p out inQ mc T T   (7) 

where m is mass flow rate (kg/s), cp is the specific heat of 

water, Tout is the outlet temperature of the water, and Tin is the 

inlet temperature of the water. This suggests that the 

convective heat transfer is approximately invariant when the 

flow rate is decoupled. Therefore, the contribution of 

conduction heat transfer is negligible with respect to the 

overall heat transfer. 

 

 
 

Fig. 5. Temperature distribution vs. flow rate. 

 

 
Figure 6 shows the estimated thermal expansion distribution 

of the coil module. The figure shows that the thermal stress is 

concentrated at the upper edge of the coil module. When no 

water is applied, the maximum thermal expansion is estimated 

to be 0.1 mm. When 0.1 m/s water is applied, the maximum 

thermal expansion decreases to 0.004 mm. Therefore, the 

cooling water has a significant effect on the mechanical 

stability of the magnetic levitation stage, as well as the 

thermal stability. 
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Fig. 6. Thermal expansion distribution in coil module. 

 

 

Figure 7 shows the effect of the current and current phase on 

the maximum temperature of the coil (upper column) and 

outlet temperature of the water (lower column). In this 

numerical case, the inlet temperature of the cooling water and 

flow velocity were set to 10 oC and 0.0133 m/s, respectively. 

As shown in the figure, the current phase has a negligible 

effect on the temperature distribution. When the current is 

doubled, the maximum temperature of the coil significantly 

increases. 

 

 
(a) I = 1 A. 

 
(b) I = 2 A. 

 

Fig. 7. Effect of current and current phase on the 

temperature distribution of coil module. 

The convective heat transfer rate was estimated by using Eq. 

(7). The heat dissipation of the 2 A system is four times larger 

than that of the 1 A system. This can be understood in terms 

of the Joule heating law: 
2Q I R   (8) 

Therefore, the heat transfer from the magnetic levitation stage 

is numerically shown to obey the basic laws characterized by 

Eqs. (7) and (8). 

Figure 8 shows a streamlined heat flow aournd the various 

components. Figure 8 indicate that the heat generated in the 

coils is dissipated out through the cooling water of the cooling 

pipe. Furthermore, the nearly half of the heat is transmitted to 

the inlet cooling pipe and the remaining heat is also 

transmitted to the outlet cooling pipe. 
 

 
 

Fig. 8. Heat flow around the coil, module base and cooling 

pipe. 

 

 

Conclusions 

The heat dissipation from a cylindrical magnetic levitation 

stage was investigated numerically. A stator incorporated with 

a cooling pipe was analyzed using FEM numerical simulation 

in order to investigate the effect of the electrical current and 

the flow velocity of the cooling water. The results indicate 

that augmentation of the cooling pipe resulted in a significant 

enhancement in the heat dissipation performance of the 

magnetic levitation stage. The coil temperature is shown to 

decrease as the flow rate increases, or as the current decreases. 

The current phase is shown to have a negligible effect on the 

heat transfer from the stage. The suggested cooling scheme 
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sheds light on an optimal design for a vacuum-based 

electromagnetic system, which in turn could be applied to 

next-generation semiconductor manufacturing. 
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