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 Abstract 

 

 In this paper, theoretical and experimental analysis of high gradient magnetic fields has 

been performed to obtain the highest values of the force acting on submicron magnetic 

particles in magnetophoresis phenomena in microfluidic systems. The gradient magnetic field 

was obtained using ferromagnetic spheres placed in the air gap between NdFeB permanent 

magnets. The gaps for different intervals between the spheres were made with plastic 

rectangular channels. The magnetic field was measured with a specially designed portative 

magnetometer working on the 3D printer principle. A Hall probe G05 gaussmeter was used 

for the measurements. The magnetic field was measured and evaluated at different sphere 

radii and at different points with δ ≤ 0.1 mm steps. An approximate analytical method is used 

to determine the generated magnetic field and a simple empirical formula is obtained. This 

empirical formula is compared with experimental data and transformed into a simple form 

that can be easily used in the theoretical analysis and practical applications of 

magnetophoresis phenomena. According to the results obtained, the most favorable 

arrangement of the force acting on the magnetic particles in the fluid channels in 

magnetophoresis processes is evaluated. 
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 1. Introduction 

 

 Micron- and submicron-sized particles used in industry and technology have magnetic 

properties (dia or paramagnetic) in many cases. Therefore, significant research has been 

conducted on the application of high gradient magnetic fields for the separation of such 

magnetic particles in many fields including medicine, biology and bioengineering [1,2]. 

Among these application areas, minerals benefication [3,4], drug and gene delivery [5,6], 

manipulation and control of cells [7,8], magnetic resonance imaging [9] and hyperthermia 

[10], are more prominent. In generally, high gradient magnetic separators (HGMS) are widely 

used for the separation of micron-sized particles [11]. The principle of transport or retention 

of magnetic nanoparticles is based on the magnetophoresis processes [12-15]. Widely, the 

powerful permanent magnets (especially of the (NdFeB) type) or electromagnetic coils are 

used as the external magnetizing system [16]. However, as particle sizes decrease, 

conventional magnetic separators are insufficient for the separation of submicron particles 

[2,4]. In many cases, especially in medical and biological systems, the magnetic separators 
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used in separation processes should be smaller and miniaturized [17-19]. In this case, it is 

impossible to use the conventional magnetization system coils used in magnetic separators. 

Therefore, permanent magnets are mainly used as external magnetization source in these 

systems [19]. In this context, The performance of the magnetophoresis processes, depends 

mainly on the value of the magnetic field generated in the separation zone [4,20]. Recently, 

magnetophoresis processes have been widely applied in microfluidic systems [21,22]. In such 

systems, the focusing of magnetic particles remains as a major problem [23-28]. Because it is 

important to obtain the position coordinate of the maximum values of the magnetic field 

gradient of the magnetic separators in these cases. The magnetic fields generated by 

permanent magnets for separation zone in magnetophoresis systems are relatively weak and 

cannot be adjusted [29]. Therefore, obtaining large values of the magnetic field in the 

separation zone is only possible by choosing a suitable geometry for the magnetic system 

[30]. Generally, in microfluidic magnetophoresis systems, mainly rectangular or disk-shaped 

magnets are preferred to match the geometry of the separation channel [20]. The investigation 

of magnetic fields generated by different types of magnets has been well reviewed in the 

literature [29]. Nevertheless, the all-around treatment of magnetic fields generated in different 

ways in accordance with the geometry of the separation channel has still not been sufficiently 

investigated. In particular, simple models that can be easily used in engineering calculations 

of the gradient magnetic field of different configurations are few and inadequate, as well. This 

is because the analytical formulas derived from the magnetic potential theory approach [31]. 

This traditional approach to the determination of such magnetic fields, are complex and not 

very convenient for practical calculations. Accordingly, the problem of obtaining analytical or 

approximate analytical formulas that are more useful for engineering calculations in this field 

remains important  [20,32,33].  On the other hand, the limited size of permanent magnets and 

the weakness magnetic field that generate make this problem difficult to solve. Therefore, to 

obtain high gradient magnetic fields in microfluidic channels, it is necessary to combine a 

permanent magnet and ferromagnetic elements (ball, wire, prism, etc.) magnetized by the 

effect of this magnet [34-37]. In this case, the magnetic field gradient in the separation 

channel is high the magnetic force acting on the microparticles in this area is increased. The 

calculation of such fields are required special approaches that different from the magnetic 

potential theory solutions [38]. 

In this paper, the variation of the gradient magnetic field generated by magnetized 

ferromagnetic balls under the influence of permanent magnets is investigated. Using the 

approximate approach, the general expression of the magnetic field in the separation zone is 

established. This empirical formula is obtained taking into account the magnetic and 

geometrical properties of the magnetization system. Measurements were performed between 

ferromagnetic balls of different sizes and quantities (above the separation channel) using 

neodymium (NdFeB) magnets. The accuracy of the derived approximate analytical formula is 

tested by experimental results. The obtain results show that the theoretical and experimental 

results are in good compatibility.  

  

 2. Experiments 

 

Write For the measurement of the non-homogeneous magnetic field generated by 

magnetized ferromagnetic balls, it has preferred to use a magnetometer operating on the Hall 

probe principle [37]. For this purpose, a specially designed Hall probe portative 

magnetometer working on the principle of 3D printer is used [38]. 

The general appearance of this 3D principal magnetometer is shown in figure 1a. It has 

an operating platform made mainly of non-magnetic materials which can be moved up and 

down independently. Also has a moving mechanism with a Hall probe mounted on the 

magnetometer. With three stepper motors placed on the carrier structure, these parts can be 

moved in 𝛿 ≤ 0.1mm steps, allowing precise measurement of magnetic field intensity in three 
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dimensions (x,y,z). The step values of the Hall probe can be realized manually or 

automatically by computer. The non-homogeneous magnetic field is generated in a specially 

designed measuring cell (figure 1b). 

NbFeB magnets with a diameter of 50 𝑚𝑚 and a thickness of 𝑙𝑚 = 10 𝑚𝑚 were used as 

the magnetic field source. The positions of the side walls of the measuring cell, which is 

placed on the platform of the magnetometer, are designed to be adjustable. Thus, it is possible 

to create magnetic fields with different magnetic field intensities by changing the distance 

between the magnets. High gradient magnetic fields are obtained by placing ferromagnetic 

balls between NdFeB magnets and in the spaces between these balls. 

 

 

a)                                                           b) 

 
c) 

 
Figure 1. a) measuring setup for magnetic field b) magnetometer with transverse hall probe – 

measuring cell c) channels with different dimensions for measurement cells 

 

High gradient magnetic fields between ferromagnetic balls were measured with Hall 

probe gaussmeters. Ferromagnetic balls used 100Cr6 label with diameters of 2𝑎 = 33.35 mm, 

16 mm, 15 mm and 6 mm were used in the experiments In order to avoid touching between 

magnetized balls and to measure the magnetic field in these regions with Hall probes, special 

channels with air gap were designed in 3D printers. These channels are made of hard plastic 

materials which are hollow inside (figure 1c). In order to evaluate the constructive 

measurement errors of the portable magnetometer, both the G05 Gaussmeter and the 

LakeShore Model 410 Gaussmeter and their Hall probes were used in the same 

measurements. Depending on their location, measurements were performed using both axial 

and transversal Hall probes. The data of both measuring instruments were practically 



T. Abbasov et al.: The measurement and analysis of a high gradient magnetic field for fine particle… 

48 

 

equivalent. The measurement results of the G05 Gaussmeter were taken as reference for the 

final data. More than a thousand measurements were performed in the experiments and the 

data obtained were statistically analyzed. 

 

2.2 Theoretical Analysis 

In generally, the investigation of the magnetization properties of magnetic materials 

with different geometries in external homogeneous and inhomogeneous magnetic fields are 

one of the most important and classical problems of electromagnetic field theory. 

However, magnetized magnetic materials with special structures are used in many 

emerging technologies and nanotechnologies. The study of the magnetic fields of these 

materials, especially wire, rod and spherical elements, in different situations remains a 

contemporary problem. Because in this case it is possible to generate effective magnetic fields 

with high gradients in miniaturized magnetic systems [4,20,34]. On the other hand, 

magnetization systems have limited magnetic field intensity. Therefore, obtaining a high 

magnetic field gradient in the study region was determined as the main objective in similar 

studies [20]. 

The classical approach that followed to calculating the magnetic field around 

magnetized elements (balls, wires etc.) in an external magnetic field uses the definition of 

static field potential [4]. However, by using this approach, the calculation of the gradient 

fields around balls and wires in the external field created by permanent magnets is obtained 

by complex analytical formulas [20,31] . In particular, this method is insufficient for the 

determination of magnetic fields around magnetized and tangent magnetic elements 

[21,39,40]. Because it is not straightforward to determine the potential distribution when 

magnetized ferromagnetic elements are touching to each other. Whereas, ferromagnetic 

elements used in microfluidic magnetophoresis systems are often tangent to each other 

Accordingly, the use of some approximate methods in the calculation of gradient fields 

around magnetized ferromagnetic balls and wires allows simpler results to be obtained in 

terms of practical calculations [4,21,38-42]. 

Approximate analytical formulas proposed by many researchers for the determination of 

the magnetic field in packed beds formed by a large number of ferromagnetic balls 

magnetized in an external magnetic field have been presented in the literature [40,43,44]. 

However, the determination of the approximate analytical expression of the gradient magnetic 

field generated by a limited number (one, two, three) of balls magnetized with permanent 

magnets requires consideration of some different properties. Since, these systems have serious 

criteria in terms of both the strength of the magnetic system and the geometry and size of the 

entire system. For this reason, the analysis of magnetophoresis phenomena in microfluidic 

systems is nowadays considered in terms of these criteria. Typically, the easiest approach to 

increase the magnetic field gradient in flow channels in microfluidic systems is to change the 

pole geometry of the external permanent magnets [4,20]. However, in some cases, this 

approach may not be advantageous depending on the application of microfluidic 

magnetophoresis. Therefore, in microfluidic magnetophoresis systems, placing a small 

ferromagnetic ball or wire between the permanent magnet and the channel to generate a high 

gradient magnetic field can be used as an effective method [37]. The principle schematics of 

similar systems are shown in figure 2. The fact that the gradient magnetic field generated in 

these systems decreases rapidly away from the surfaces or tangent points of the magnetized 

ferromagnetic ball or wire can be used as a determining factor of the variation of these fields 

[39-44]. This factor can be taken into account for theoretical investigations as a sufficient 

condition for establishing approximate analytical formulas of gradient magnetic field 

variation in these systems [38]. 

In this study, the analysis of gradient field generated between ferromagnetic balls 

magnetized by using permanent magnets is considered. The principal schematic of two small-

sized ferromagnetic balls with radius 𝑎 and distance 𝑙 between them, magnetized by the effect 
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of an external permanent magnet, is shown in figure 3. 

 

 

a)                                                                   b) 

 
Figure 2. Principal schematic for gradient magnetic field in channel a) with magnetized ferromagnetic 

balls, b) with magnetized ferromagnetic wires 

 

 
 

Figure 3. Magnetization of two ferromagnetic balls of diameter 2𝑎 

 

It is obvious that in such systems demagnetization events are more effective. Because of 

that the analytical formulas obtained in terms of static magnetic potential are mathematically 

quite complicated [43,44]. For this reason, some studies have used different approximate 

methods to calculate the magnetic fields in such systems [30,38,39,42]. In these studies, for 

example in reference [39] finite analytical results are obtained using a simple approximately 

approach. As such, it has been shown by numerous experimental studies in reference [39] that 

the magnetic field variation between magnetized balls or wires is similar. It can be determined 

by the following general expression. 

 
𝐻

𝐻0
=  

𝑘1

1+𝑘2(
𝑦

𝑎⁄ )2
                                                                    (1) 

 

Here, 𝑘1and 𝑘2 are correction coefficients that depend on the properties of the magnetization 

system and determining from experiments, 𝑎 is the radius of the ball, 𝑦 is the distance 

between the balls from the center (𝑦 = 0), 𝐻0 is the external magnetic field strength. 

Generally, in a chain of magnetized balls, the magnetic field lines are concentrated 

around the tangent points of the balls or parallel to the axis of symmetry [21,39].  Therefore, 

the radial coordinate 𝑟 in cylindrical coordinates can be written instead of the usual 𝑦 in 

equation 1. In this study, using the average magnetic permeability definition of permanent 

magnets in magnetic media [34], equation 1 is obtained as follows. 
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𝐻

𝐻0
=  

𝜇(1+𝑙
2𝑎⁄ )

1+ 
𝑙

2𝑎
𝜇+𝑘(

𝑟

𝑎
)2

                                                                (2) 

 

Here, 𝜇 is the relative magnetic permeability of the balls, l is the gap between the balls, 𝑘 =
 𝑘3(𝜇 − 1),  is the coefficient that depends on the geometrical and magnetic properties of the 

magnetization system, 𝑘3 is the correction coefficient. 

In experiment, the variations of the induction gradient magnetic fields from limited 

number and different diameters of ferromagnetic balls were measured with precision. The 

compatibility of the obtained results with equation 2 is evaluated. 

Considering equation 2, the magnetic force acting on micron and submicron particles in 

the channel placed between ferromagnetic balls is determined as follows. 

 

𝐹𝑚 =  𝜇0𝜆𝑝𝑤𝑝∇
𝐻2

2
                                                         (3) 

 

As seen from equation 3, the amplitude of the magnetic force acting on particles in 

magnetophoresis events is directly proportional to the factor ∇𝐻2. Considering equation 2, it 

is also obvious that this factor has an extremum region. This result emphasizes the advantage 

of using a gradient magnetic field in magnetophoresis processes.   

 

 3. Results and discussion 

 

The measurement of the variation of the gradient magnetic field in the separation 

channel between magnetized ferromagnetic balls under the influence of permanent magnets 

was carried out in the prototype magnetometer, measuring cell shown in figure 1. The step 

change of the sensitivity of the Hall probe in the measurements is 0.1 mm. In the experiments, 

the variation of the basis magnetic field intensity (𝐵0) was obtained by varying the number of 

magnetizing NbFeB magnets. The effect of increasing the limited number of magnetized balls 

in chain on the variation of the magnetic field in the channel was also studied. In all cases, 

first of all the basis magnetic field intensity (𝐵0) was measured for the case where without 

ferromagnetic balls between the magnets. Considering that the magnetization of the 

ferromagnetic balls is symmetric, the measurements were made from the center of the channel 

between the balls along the 𝑦 -axis (figure 3). In order to evaluate the magnetization effect of 

the magnetic balls, measurements were made starting from the symmetry axis of the balls (y = 

0) towards higher points (y >0). The obtained results are discussed in tables and graphs. Table 

1 shows all the measurement results for different channel width (𝑙) by using one and two 

neodymium magnets. 

As can be seen from table 1, the basis magnetic field intensity (𝐵0) in the measurement 

region increases with increasing number of magnets. On the other hand, it is obviously seen 

that the increase in magnetic field intensity is higher when ferromagnetic balls are placed in 

the test region. Figure 4 shows the magnetic field variation for 2a = 33.35 mm balls using 2 

and 4 neodymium magnets in the case of l =7.35 mm channels. As seen in figure 4, the 

magnetic field between the balls increases rapidly as the channel width l decreases. As 

expected, the highest value of the magnetic field is on the center axis between the balls in all 

cases. On the other hand, when the coefficient 𝑘 shown in equation 2 is adjusted, the 

theoretical and experimental results of magnetic field variations in different structures 

coincide. Moreover, these results depend on the magnetic permeability 𝜇 of the balls and are 

similar to the variation characteristics of 𝜇. In other words, unlike the magnetic field 

generated by the case without balls, the maximum point of the magnetic field gradient in the 

channel occurs when ferromagnetic balls are placed in this region. This allows to determine 

the focusing point of the maximum magnetic force zone in the channel. Therefore, in this case 

it is possible to obtain the best performance of the magnetophoresis process. 
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Table 1. The measurement results for different channel width (𝑙) by using one and two neodymium 

magnets 
 

  a)                                                                b) 

 
Figure 4. Variation of  𝐵/𝐵0 with 𝑟𝑎 for magnetized ball with 2𝑎 =  33.35 mm, l =7.35mm.  

a) for a pair of magnets, b) for two pairs of magnets 
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Similar results to those obtained for l = 7.35 mm were obtained for other different 

channel widths (figures 5-6-7). In all calculations the coefficient 𝑘 in equation 2 has been 

corrected for each case. The important feature here is that 0 < 𝑘3 < 1 in all cases. This is due 

to the dependence of the coefficient 𝑘3 on the demagnetization properties of the 

magnetization system. 

 

                                          

a)                                                                                 b) 

 

Figure 5. Variation of  𝐵/𝐵0 with ra for magnetized ball with 2𝑎 =  33.35 mm, l =6.15 mm.  

a) for a pair of magnets, b) for two pairs of magnets 

 

 

a)                                                                                 b) 

 
Figure 6. Variation of  𝐵/𝐵0 with ra for magnetized ball with 2𝑎 =  33.35 mm, l =5.15mm. 

a) for a pair of magnets, b) for two pairs of magnets 

 

 

a)                                                                                 b) 

 

Figure 7. Variation of  𝐵/𝐵0 with ra for magnetized ball with 2𝑎 =  33.35 mm, 𝑙 = 3 mm. a) for a 

pair of magnets, b) for two pairs of magnets 

 

Figure 8 shows the experimental and theoretical results obtained similar to the above 

measurements for the case where the 𝑙 = 7.35 mm between the 2𝑎 =16mm ferromagnetic 

balls. Figure 8a shows the magnetic field variation in the channel between the two balls are 

used. Figure 8b and 8c show similar results for four balls and six balls respectively. In 
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general, the change characteristic of the magnetic field is similar in the all cases. However, 

with the increase in the number of balls in the magnetization chain, the magnetic field 

increase is higher due to the decrease in the demagnetization properties (table 1). On the other 

hand, the advantage of increasing the magnetic field in the channels is a disadvantage in terms 

of dimensions for magnetophoresis processes. In order to keep the dimensions of the magnetic 

systems small in such structures, both the dimensions and the number of balls must be 

limited. In this case, it is more convenient to make the chain of magnetized balls in the 

longitudinal direction rather than in the transverse direction of the fluid channel (figure 2a). 

 
Figure 8. Variation of  𝐵/𝐵0 with ra for magnetized ball with 2𝑎 =  16 mm, l=7.35mm.  

a) for one ball for each side, b) for two balls for each side, c) for three balls for each side 
 

a)                                                                                 b) 

 
Figure 9. Variation of 𝐵/𝐵0 with 𝑟𝑎 for magnetized ball with 2𝑎 = 15 mm, 𝑙 = 7.35 mm.  

a) for one ball for each side, b) for two balls for each side 

 

Figure 9 shows the experimental results for 2𝑎 = 15 mm balls with an inter-sphere 

channel width l=7.35 mm. As seen in figure 9, the magnetic field variation in this case is in 

compliance with the variation in figure 8. When all these findings are evaluated, it can be 

concluded that although the diameter of the magnetized balls varies over a wide range of  
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2𝑎 =  33.35 . . . 15 𝑚𝑚, the magnetic field variation in the inter sphere channel shows the 

similar characteristic. That is, in all cases, the magnetic field decreases rapidly away from the 

inter sphere center and the magnetic field gradient has a region of maximum. On the other 

hand, as the diameter of the magnetized ferromagnetic balls decreases, the maximum value of 

the magnetic field also decreases. However, as expected, the magnetic field values become 

higher as the distance between the balls decreases. When the ferromagnetic balls are tangent 

(𝑙 = 0), the generation of the gradient magnetic field can reach the highest values around the 

tangent points. In this case, the saturation of the magnetic field intensity near the tangent 

points of the magnetized balls is also observed [21]. 

The saturation level of the generated magnetic field is reached around basically at 𝑟/𝑎 ≤ 

0.1 … 0.17 [21,39]. At high values of strong external magnetic fields (electromagnetic coils), 

the balls are more likely to reach saturation values around the tangent points. However, in 

magnetophoresis processes in microfluidic systems, this saturation phenomenon is unlikely to 

occur in ferromagnetic balls separated by flow channels. As can be seen from equation 2, one 

of the main parameters affecting the magnetic field variation in the microfluidic channel 

between ferromagnetic balls is the 𝑘 coefficient. As mentioned above, the main factor 

determining the 𝑘 coefficient is 𝜇, the magnetic permeability of the ferromagnetic balls. 

Ferromagnetic balls used in magnetic separation and filtration processes usually have highly 𝜇 

[21]. 

The magnetic field strengths generated in microfluidic channels by NbFeB magnets 

used in magnetophoresis processes are 𝐻0 < 150 − 200 kA/m. Considering these results, the 

position where the magnetic force acting on the particle in the fluid channels is maximum can 

be easily determined according to equation 4.  

 

𝑟𝑎𝑚
=  √1+

𝑙

2𝑎

5𝑘
                                                        (4)  

 

Figure 10 shows the variation of the position where the magnetic field is maximum 

(𝑟𝑎𝑚) with respect to 𝑘 in equation 4 for different values of 𝑙/2𝑎. 

 

Figure 10. Variation of 𝑟𝑎𝑚
 with 𝑘 

 

As can be seen from figure 10, 𝑟𝑎𝑚 decreases rapidly with increasing 𝑘 and hence 𝜇, for 

all cases of 𝑙/2𝑎. Therefore, 𝜇 must be taken into account in determining the regions where 

the magnetic force is maximum. This result is important in the design and theoretical 
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calculation of magnetophoresis systems. Similar results were obtained in the studies presented 

in the literature for HGMSs with ferromagnetic packed beds [21,39]. 

As mentioned above, in all these gradient field cases, the magnetic field gradient or 

magnetic force 𝐹𝑚 in equation 3 has a maximum value with respect to the 𝑟. Therefore, we 

can easily determine the location zone of the maximum force with respect to the radial 

coordinate r via equation 3. 

As can be seen from equation 4, 𝑟𝑎𝑚 decreases in weak magnetic fields (for large 𝜇 

values) created by permanent magnets. Therefore, in magnetophoresis processes in 

microfluidic systems, it is possible to tune the region where the magnetic force acting on the 

particles in the channels placed between the ferromagnetic balls is maximum. 

  

 4. Conclusion 

 

In microfluidic magnetophoresis processes, it is necessary to increase the magnetic field 

gradient in the separation channels in small size magnetic systems using permanent magnets. 

For this purpose, it is more advantageous to use magnetized ferromagnetic elements (balls or 

wires) together with these magnets. Because the use of magnetized ferromagnetic elements 

allows the formation of a magnetic field with a higher gradient at local points of the flow 

channel of the system. Experimental investigations have shown that the variation 

characteristics of the magnetic field in the channels are approximately similar when large or 

small diameter ferromagnetic balls are used as structural models. This similarity is also 

obtained when the number of magnetized balls is varied. In order to generate magnetic fields 

in magnetophoresis channels, a homogeneous magnetic field is created mainly by using 

rectangular permanent magnets. Since the values of this magnetic field in the channel cross-

section are limited, the force effect on the magnetic particles in this region is also limited. 

However, when the magnets are used tangentially with ferromagnetic elements, the magnetic 

force acting on the particles increases effectively due to the magnetic field gradient. This 

force also creates a gradient magnetic field region with a maximum value in the channel. This 

result can be used as an advantage for more efficient focusing of submicron magnetic 

particles in fluid channels or to improve the performance of the system. In such systems, an 

approximate analytical formula for the magnetic field generated between ferromagnetic 

elements can be derived from the general characteristics of the magnetization system. These 

magnetization characteristics can be determined according to the continuous increase or 

decrease of the magnetic field, boundary and initial condition values. In this study, the 

approximate analytical formula (equation 2) obtained by this method coincides with the 

experimental results. Accordingly, the proposed approximate analytical expression can be 

used in the analytical investigation of the motion dynamics of particles held or focused in 

microfluidic magnetophoresis. On the other hand, the approximate analytical expression for 

the magnetic field generated by ferromagnetic balls tangent to each other is also obtained 

when 𝑙 = 0 in equation 2. This result can be applied to the design study and modeling of 

packed beds, which are widely used in high gradient magnetic separation and filtration 

systems.  
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