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ABSTRACT 
Separation processes are widely used in chemical and biotechnical 

processes. Especially biomagnetic separation is an important issue among 
effective separation processes to separate the magnetic micron and 
submicron particles. It is necessary to establish and determine a high 
magnetic field or field gradient in the separation cell. However, it is not easy 
to determine the magnetic field gradient in the working region for different 
separation in practice. The reason for these difficulties is that the magnetic 
cells used in biochemical separation have different geometries and there 
are no simple and useful systems to easily measure these magnetic fields. 
Two main objectives are aimed in this study. First, a simple measuring 
device design can measure gradient magnetic fields with high precision of 
about 0,01mm and, secondly, obtain simple empirical expressions for the 
magnetic field. A magnetometer with Hall probes that works with the 3D 
printer principle was designed and tested to measure the magnetic field. 
Magnetic field changes were measured according to the surface 
coordinates on the measurement platform or measuring cell. Numerous 
experimental measurements of gradient magnetic fields generated by 
permanent magnets have been taken. The results obtained from the studies 
and results from the proposed empirical models were compared.

  
1. INTRODUCTION 
 
Many and different kinds of mixtures, ranging in size from nanometers to several hundreds of micrometers, are 

used in chemical and biotechnological processes. Separation processes are commonly used to purify or extract these 
mixtures with various physicochemical properties according to some components [1]. Most mixtures used in 
chemical and biotechnological processes contain magnetic (para or ferro) particles [2]. The most obvious example 
of these particles is magnetotactic bacteria and red blood cells [3], [4], [5], [6], [7] Non-magnetic bioparticles that do 
not show magnetic properties can also be magnetized by adding artificial magnetic particles (magnetite, chromium, 
nickel, etc.) [4], [8]. Conventional (classical) separation systems are not sufficient to separate extremely small 
(˂1 µ𝑚𝑚) particles. Even though these particles are very small in size, they can be separated efficiently in magnetic 
separators [5], [6], [8], [9], [10], [11], [12]. Matrix elements of magnetic separators, especially ferromagnetic 
materials, can be easily magnetized using an external magnetic field. Through this applied magnetic field, high 
gradient magnetic fields are produced in the magnetized matrix regions (active regions) of magnetic separators [13], 
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[14], [15] , [16]. Magnetic bioparticles can be easily separated by being exposed to the effect of great magnetic force 
if they are in these regions [9], [17], [18]. Gradient magnetic fields are also widely used in many areas of chemical 
engineering [19]. Advantages of gradient magnetic fields for intensification of heat and mass transfer processes that 
occur especially in catalytic reactors have been presented in the literature [20], [21], [22]. Furthermore, the effects 
of gradient magnetic fields on the acceleration of chemical processes on water and other chemical suspensions at 
the molecular level have also been presented in the literature [23], [24], [25], [26], [27], [28], [29]. 

The magnetic force acting on the magnetic bioparticles in the active regions of the separator is calculated as 
follows;  

 
 𝐹𝐹�𝑚𝑚 = 𝑘𝑘𝑝𝑝𝑤𝑤𝑝𝑝

𝜇𝜇0
∇ 𝐵𝐵2

2
                                                              (1) 

 
Where, 𝑘𝑘𝑝𝑝 is the magnetic susceptibility of the particle, 𝜇𝜇0 = 4𝜋𝜋 × 10−7 𝐻𝐻/𝑚𝑚 is the vacuum permeability, 𝑤𝑤𝑝𝑝 is 

the volume of the particle, and 𝐵𝐵 is external magnetic field intensity. Since this force (𝐹𝐹�𝑚𝑚) is many times greater than 
other forces between bioparticles (Van der Waals, electrostatic, drift, etc.), magnetic bioseparation can be performed 
effectively. In general, the magnetic field force determined by Equation (1) should be kept as high as possible for 
effective separation of bioparticles. As can be seen in Equation (1), the magnitude of the magnetic force affecting 
bioparticles is directly proportional to the magnetic field intensity (𝐵𝐵) and field gradient (𝑑𝑑𝐵𝐵/𝑑𝑑𝑑𝑑). In bioseparation 
procedures, considering that the magnetic susceptibility level of particles is around 𝑘𝑘𝑝𝑝 =  (0⋯28,7) × 10−5[6] and 
magnetic field gradient is around 𝑑𝑑𝐵𝐵/𝑑𝑑𝑑𝑑 = 2,5 × 105 𝑇𝑇/𝑚𝑚, it is understood that the force acting on the 100𝜇𝜇𝑚𝑚 
particle in biologic systems is around 𝐹𝐹𝑚𝑚 = 1,5 × 10−4 𝑁𝑁 [1]. On the other hand, magnetic force at these levels may 
be insufficient for the separation of bioparticles with weak magnetic properties. In this case, it is possible to increase 
the strength of the magnetic system by increasing the magnetic field gradient through the creation of new structures. 
For this reason, an approximate empirical model of the magnetic field gradient in the working areas of magnetic 
separators need to be determined. These empirical formulas, should then be evaluated, compared, and corrected 
with empirical coefficients according to data obtained from magnetic separation experiments. In general, the 
generation and calculation of magnetic field gradient is one of the most important fundamental problems of the 
electromagnetic field theory. The results of many studies on this topic have been presented in the literature [11], 
[17], [30]. Different methods are used for the calculation of magnetic field gradients in Electromagnetic Field Theory 
[31]. However, the formulas obtained by methods based on the calculation of the scalar magnetic field potential, 
commonly used in classical electromagnetic field theory, are complicated and not appropriate for the practical 
calculations in separation practice [9], [11], [17], [32]. This prevents both the progression of biomagnetic separation 
theory and the expansion of its applicability in different areas. At the same time, the different geometries used in 
various new structures of the developed magnetic separators, cause new problems in the calculation and evaluation 
of magnetic field gradients. For that reason, new simple solution methods need to be developed to calculate gradient 
magnetic fields. For example, in recent years, gradient magnetic fields of 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 or other types of permanent 
magnets, which have different geometric structures, have been used in nano and micro fluidic technological systems. 
However, the necessity  of using simple methods to calculate gradient magnetic fields remains valid in such systems 
[33], [34].  

In this study, two main problems in terms of both theoretical and practical were solved. First, a simple magnetic 
device or magnetometer was designed to determine the magnetic field with high precision of about 0,01𝑚𝑚𝑚𝑚.  And 
then, empirical expressions were produced to determine the magnetic field or field gradients. For this purpose, using 
the 3𝐷𝐷 printer principle, a magnetometer with Hall probes was designed and used. This device can measure the 
magnetic field in three dimensions (𝑥𝑥,𝑦𝑦, 𝑑𝑑) automatically at precise intervals (< 0,1 𝑚𝑚𝑚𝑚). In the experiments, the 
gradient magnetic fields generated by rectangular and disc-shaped 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 type magnets even electromagnets were 
measured. At the same time, empirical models were created according to the experimental results. The measurement 
results were demonstrated with tables and graphics, and necessary comparisons, and recommendations have been 
presented. 
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2. MATERIAL AND METHOD 
 

Numerous methods and setups are used to measure the gradient magnetic fields that generated in narrow air 
gaps in magnetic systems [11], [17], [35]. The most practical and suitable of these methods is the use of Hall probes 
[36]. Magnetic field intensity (|𝑩𝑩|) of uniform and symmetrical magnetic fields in a small air gaps and the gradient 
of this field (𝛻𝛻|𝑩𝑩|) can be easily measured with Hall probes [36]. However, there are many challenges in measuring 
|𝑩𝑩| or 𝛻𝛻|𝑩𝑩| between poles with different geometries (sphere, cylinder, prism, etc.) because this magnetic fields are 
strongly non-uniform fields. Therefore, in biochemical separation process, they show different magnetic field effects 
at different points of the working regions. Foremost among these challenges, is the safe fixed of the Hall probe in the 
measurement area and the precise selection of measurement ranges. For these non-symmetrical air gap geometries, 
it is especially important that the Hall probe is safely fixed at different points for protected from vibrations and 
oscillations, and measurement intervals can be adjusted automatically. Because of the errors caused by failure to 
meet these conditions affect the measurement results negatively. Developing new methods to eliminate such 
problems has always been in the center of attention of researchers [36], [37]. In this study, we described the details 
of the method to eliminate such problems.  

 
 MATERIAL 

 
2.1.1. 3D PRINTER PRINCIPLES MAGNETOMETER WITH HALL PROBES 
 
The magnetometer, which is an automatic measurement device that uses the Hall probe and works with the 3𝐷𝐷 

printer principle, has been designed and tested to measure gradient magnetic fields in different air gaps in magnetic 
systems [38]. This magnetometer shown in Figure 1a has a programmable feature. Moreover, the Hall probe placed 
in the air gap between the magnets can move independently from each other in the 𝑥𝑥,𝑦𝑦, 𝑑𝑑 directions. The Hall probe 
which is fixed, can be moved directed independently in each direction with using three step motors. The working 
area of the magnetometer, designed by us produced in the TEKNOPARK that is part of Inonu University, is 
30𝑥𝑥20𝑥𝑥24𝑐𝑐𝑚𝑚, and its overall size is 48𝑥𝑥50𝑥𝑥40𝑐𝑐𝑚𝑚. 

 

  
Figure 1: Magnetometer,3D measuring system for the magnetic field; a) magnetometer with axial Hall probe on 

measuring platform, b) magnetometer with measuring cell. 
 
The magnetometer’s control system is supplied by a 12V DC voltage source. The magnets can be placed on the 

platform shown in Figure 1a or measurement cell shown in Figure 1b. Measuring cell has various apparatus for 
different magnets. Due to the special design of the measuring cell, magnets with different geometries can be placed 
in, and the distance between these magnets can be adjusted (Figure 1b). The measuring cell also provides the 
measurement of magnetic fields in small size solenoid and electromagnet. By modifying / configuring the unit on 
which the Hall probe is attached for fixation, it is also possible to determine the magnetic susceptibility of small-
sized magnetic materials or mixtures. 
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2.1.2. DESCRIPTION OF THE MATERIAL 
 
In the experiments, 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 type permanent magnets that have high magnetic energy ((320𝑘𝑘𝑘𝑘/𝑚𝑚3) and most 

preferred in High Gradient Magnetic Separator (HGMS) and Magnetic Drug Targeting (MDT) systems were used. 
Samples are rectangular 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnet 30𝑥𝑥10𝑥𝑥5 𝑚𝑚𝑚𝑚 (2𝑎𝑎𝑥𝑥2𝑏𝑏𝑥𝑥𝑏𝑏) dimensions and disc-shaped magnets with 
diameter 𝑑𝑑 = 50 𝑚𝑚𝑚𝑚, thickness 𝑏𝑏 = 10 𝑚𝑚𝑚𝑚 (Figure 2). Magnetic field intensity on the surface of the magnets has 
been measured as 𝐵𝐵0 = 250 𝑚𝑚𝑇𝑇 and 𝐵𝐵0 = 300 𝑚𝑚𝑇𝑇, respectively. Despite these results, in the designed 
magnetometer, it is possible to easily measure the magnetic fields created by magnets containing 𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴, 𝑆𝑆𝑚𝑚𝐴𝐴𝑜𝑜5 
type, and new type of hexaferrites and composites based on them [39] used in magnetic systems. In the 
magnetometer, it is possible to measure the fields of solenoids and similar winding types of magnetic field sources 
with precision. 

 

 
Figure 2: a) Rectangular and b) Disc-shaped NdFeB magnets. 

 
2.1.3. MEASUREMENT SYSTEM 
 
GM05 type Gaussmeter with Hall probe (HIRST-Magnetic Instrument Ltd-UK) was used in the experiments 

(Figure 3). GM05 Gaussmeter has measurement and evaluation features of AC magnetic fields in DC and 15𝐻𝐻𝑑𝑑 −
10𝑘𝑘𝐻𝐻𝑑𝑑 frequencies. Gaussmeter’s operating temperature is 0℃ ∓ 50℃, and reproducibility is 5%. GM05 has two Hall 
probes, 𝑏𝑏 = 90 𝑚𝑚𝑚𝑚 long, 90𝑥𝑥0,6𝑥𝑥4 𝑚𝑚𝑚𝑚 transverse, and 5 𝑚𝑚𝑚𝑚 diameter axial (Figure 3). These probes with an 
extension connection cable RS232 enables the measuring device to be kept far enough from the magnetic field source 
and to protect the device from external electromagnetic effects. When necessary, the magnetometer can be protected 
from the influence of external magnetic fields with an outer shield such as a multilayered 𝑁𝑁𝑁𝑁80𝐹𝐹𝑁𝑁20/𝐴𝐴𝑢𝑢 film [40]. In 
principle, all similar Gaussmeters with Hall probes, like the measuring device, can also be used in this system. 
Besides, measurement results can be obtained more easily with the USB and RS232 connections in the new GM07 / 
GM08 Gaussmeters with GM modifications. The devices’ software is also Windows compatible. 

 

 
Figure 3: Magnetic field measuring elements. GM05 type Gaussmeter, Hall probes (axial and transversal) and 

permanent magnets. 
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 THE METHOD 
 
The measuring points in the air gap are automatically selected according to the preloaded program, and the 

measured values are recorded at the exact steady state of the Hall probe. These measurement results can be recorded 
on the computer connected to the magnetometer and displayed in tabular or graphical format. 

 
2.2.1. THE MATHEMATICAL FORMULATION OF THE PROBLEM 
 
The theory and practice of magnetic separation of bioparticles, especially MDT, are generally like HGMS 

processes. Despite this, both MDT and biomagnetic separation of different particles have many different properties. 
Unlike HGMS, magnetic bioseparation or MDT have the following specific characteristics: 

Gradient magnetic fields are mainly generated by permanent magnets. Permanent magnets can have different 
geometries (square, rectangle, cylindrical, disc, etc.) and different dimensions. 

In the areas of separation or drug targeting, the maximum value of magnetic field should be focused. For 
example, a cylindrical magnet should at least create 𝐻𝐻 > 105 𝐴𝐴/𝑚𝑚 magnetic field in the sick areas (> 5 𝑐𝑐𝑚𝑚). On the 
other hand, in some experiments, it was determined that this distance would approximately be < 13 𝑐𝑐𝑚𝑚 in order to 
keep 0.5 − 5.0 𝑛𝑛𝑚𝑚 sized iron-carbon particles inside the body [41]. Therefore, the generated magnetic field force 
should have higher values in all points of working regions. 

In the MDT, the size of drug carrier particles is desired to be < 5 − 6 µ𝑚𝑚. If the particles are larger than these 
sizes, cause blockages in capillaries [42]. Therefore, it is desired that the magnetically drug-attached carrier particles 
have a smaller size. On the other hand, reduction in particle size causes the effect of the magnetic field on these 
particles to weaken and the required blocking time in the affected sick areas increases. While blocking time is <
150 𝑠𝑠 in the field of 𝐵𝐵 = 0.35 𝑇𝑇 area, blocking time can be < 450 𝑠𝑠 in the field of 𝐵𝐵 = 0.1 𝑇𝑇 area [42]. 

The particles in bioseparation procedures could have solid, liquid, deformable plastic, and other different 
physicochemical properties. On the other hand, suspensions, emulsions, plasma, or highly concentrated medias used 
in magnetic separation processes in chemical, medical, and biological environments may have rheological properties. 
Therefore, it is necessary to consider the effect of these properties of the carrier media on the separation process. 

The size of the magnets or sources of electromagnetic fields used in magnetic bioseparation processes must be 
small, and the magnetic fields generated must be large enough. Moreover, it is obvious that the energy and the 
magnetic field intensity induced by permanent magnets are limited. Therefore, it is necessary to know the changes 
of the magnetic field intensity 𝐵𝐵 and gradient ∇𝐵𝐵 in the target region of the magnetic field for each separation 
process. This can be obtained from basic empirical and theoretical models that are based on many experimental 
results for each state. There are many theoretical models for the variation of the magnetic field intensity generated 
by permanent magnets [43]. In micro and nano fluidic systems in biotechnology, rectangular, disc and cylindrical 
shaped magnets are commonly preferred [33], [43]. The characteristic dimensions of rectangular and disc-shaped 
magnets are shown in Figure 2.  

In terms of practical application for bioseparation and drug targeting systems, the component of the magnetic 
field on the axis perpendicular to the magnet surface (e.g., 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 in Figure 2) is more important. In general, the 
determination of all components of the magnetic field generated by magnets in practical engineering calculations is 
modeled by numerical methods [33], [41], [42]. In addition, approximate and useful formulas for magnetic field 
calculation of magnets are also presented in the literature [33], [43]. Some of these formulas are given below. If 𝐵𝐵0 
is the magnetic field intensity at the center of magnet (𝑥𝑥 = 𝑦𝑦 = 𝑑𝑑 = 0), 𝐵𝐵𝑧𝑧 component can be determined as follows. 

for rectangular magnets [43]; 
 
𝐵𝐵𝑧𝑧 = 𝐵𝐵0

�1+4�𝑧𝑧 𝑑𝑑� �2�
3 2⁄                     (2) 

 
or disc-shaped magnets [43]; 
 
𝐵𝐵𝑧𝑧 = 𝐵𝐵0𝑏𝑏2

√𝑎𝑎2+𝑏𝑏2(𝑎𝑎2+𝑏𝑏2+𝑧𝑧2)3 2⁄ � 1
𝑎𝑎2+𝑧𝑧2

+ 1
𝑏𝑏2+𝑧𝑧2

�                 (3) 
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for cylindrical magnets [41];  
 
𝐵𝐵𝑧𝑧 = 𝑐𝑐1

�𝑧𝑧 𝑑𝑑� �2
                     (4) 

 
for magnetic circuit with parabolic shape confocal pole (MCPSP) [41]; 
 
𝐵𝐵𝑧𝑧 = 𝑐𝑐2

�𝑧𝑧 𝑏𝑏� �𝑓𝑓
                     (5) 

 
Here 𝐴𝐴1 and 𝐴𝐴2 are constants, 𝐴𝐴1 = 5𝜋𝜋. 10−2  𝑇𝑇,   𝐴𝐴2 = 30,4.𝜋𝜋. 10−2 𝑇𝑇,   𝑓𝑓 = 0,67 [41]. 
 
Although Equation (2) and Equation (3), contain simple expressions, they may not be suitable for theoretical 

investigations. Equation (4) and Equation (5) show that the magnetic field intensity on the surface of the magnets 
(𝑑𝑑 =  0) is infinite. This is incompatible with reality for real magnetization systems. To simplify / eliminate these 
issues, in this study, it is proposed to model the change of magnetic field intensity on the 𝑑𝑑-axis with the following 
two approximate formulas. 

 

𝐵𝐵𝑧𝑧 = 𝐵𝐵0𝑁𝑁
�−𝑘𝑘1�

𝑧𝑧
𝑑𝑑�

𝑚𝑚
�                                                (6) 

 
𝐵𝐵𝑧𝑧 = 𝐵𝐵0

1+𝑘𝑘2�
𝑧𝑧
𝑑𝑑�

2                                  (7) 

 
Here, 𝑚𝑚, 𝑘𝑘1 and 𝑘𝑘2 are experimentally determined correction coefficients. According to the results of the 

experiments, the coefficients 𝑚𝑚, 𝑘𝑘1 and 𝑘𝑘2 included in Equation (6) and Equation (7) can be determined for each 
magnet geometry. With the approach in this study, the compatibility of the experimental measurements made in the 
𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 direction of rectangular and disc-shaped 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnets to the proposed models were evaluated.  

 
3. RESULT AND DISCUSSION 
 
In the experiments, |𝐵𝐵| was measured according to surface coordinates (𝑥𝑥, 𝑦𝑦, 𝑑𝑑) of the magnet using the field 

generated by the magnets fixed on the measuring platform. In Figure 4, magnetic field measurements were made on 
the surface of the rectangular shaped magnet in 𝑥𝑥 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 symmetry (𝑥𝑥 = 3 𝑐𝑐𝑚𝑚,𝑦𝑦 = 𝑐𝑐𝑜𝑜𝑛𝑛𝑠𝑠𝑐𝑐𝑎𝑎𝑛𝑛𝑐𝑐, 𝑑𝑑 = 0). At all levels (𝑦𝑦 =
 0 and 𝑦𝑦 =  ± 4 𝑚𝑚𝑚𝑚), it has been observed that the magnetic field values on the 𝑥𝑥 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 are symmetrical. An increase 
in magnetic field intensity was observed at the edges of the magnet [43]. In the experiments, 1178 measurements 
were made for different regions on the magnets. The results obtained are shown in Figure 5, Figure 6, and Figure 7. 

 

 
Figure 4: Magnetic field measurement results at the surface of the rectangular magnet with respect to the 

symmetry of the 𝑥𝑥 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠. 
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In the practical applications of biotechnological systems, the magnetic force acting on bioparticles, which are 
generally separated, is at a specific distance from the magnet surface. Therefore, from the results obtained from 
measurements, the direction of 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 was evaluated. 

 

  
Figure 5: Magnetic field intensity changes of rectangular 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnet; a) from the center of the magnet in 

the direction of the 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠, b) 𝑑𝑑 =  2 𝑚𝑚𝑚𝑚 in the 𝑥𝑥 and 𝑦𝑦 direction at the. 
 
Figure 5 shows the graph of the magnetic field intensity changing as it moves away from the center of the 

rectangular 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnet (10𝑥𝑥5𝑥𝑥30 𝑚𝑚𝑚𝑚 dimensions) in the direction of the 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠. As can be seen in Figure 5a, the 
magnetic field intensity decreases rapidly as it moves away from the surface of the magnet. This reduction becomes 
faster the further away from the surface. However, it is seen that the decrease in the magnetic field is still at a certain 
level, even at a sufficient distance from the magnet surface (𝑑𝑑 = 6𝑐𝑐𝑚𝑚). At this distance, the magnetic field has 
decreased from 𝐵𝐵 =  250 𝑚𝑚𝑇𝑇 to around 𝐵𝐵 =  90 𝑚𝑚𝑇𝑇, that is, it has decreased by approximately 64%. At 𝑑𝑑 = 3 𝑐𝑐𝑚𝑚 
from the surface, this change is around 40%. Similar variation is clearly seen in the 𝑥𝑥 and 𝑦𝑦 directions when 𝑑𝑑 =
 𝑐𝑐𝑜𝑜𝑛𝑛𝑠𝑠𝑐𝑐𝑎𝑎𝑛𝑛𝑐𝑐 (Figure 5b). Unlike, the magnetic field of the disc-shaped 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnet decreases faster as it moves away 
from the center in the 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 direction. This change is shown in Figure 6 and Figure 7. 

 

 
Figure 6: The graph of change in 𝐵𝐵 (𝑥𝑥,𝑦𝑦) on the surface (𝑑𝑑 =  0) of the disc-shaped 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnet. 

 
Figure 6 shows the measurement results of the changes in the 𝑥𝑥 and 𝑦𝑦 directions of the magnetic field intensity 

on the surface of the disc-shaped 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnet (𝑑𝑑 =  0). As seen in Figure 6, the magnetic field intensity has a clear 
symmetry. However, the further away from the center of the disc (0, 0, 0), this field intensity gets greater. These 
similar change characteristics for permanent magnets are also sufficiently explained in the literature [43].  
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Figure 7: Magnetic field intensity changes of disc-shaped 𝑁𝑁𝑑𝑑𝐹𝐹𝑁𝑁𝐵𝐵 magnet; a) 𝐵𝐵(𝑑𝑑) graph from the center of the 

magnet in the direction of the 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠, b) 𝐵𝐵(𝑥𝑥,𝑦𝑦) graph at the 𝑑𝑑 = 2 𝑚𝑚𝑚𝑚. 
 
As seen in Figure 7a, the magnetic field intensity decreased from 𝐵𝐵 =  130 𝑚𝑚𝑇𝑇 to around 𝐵𝐵 =  34 𝑚𝑚𝑇𝑇 that is 

around 74% at a distance 𝑑𝑑 =  3 𝑐𝑐𝑚𝑚 from the surface of the magnet. This drop rate in the disc-shaped magnet is 
approximately twice the drop rate of the rectangular magnet. Similar changes of the magnetic field on the surfaces 
of magnets have been observed on other coordinates (Figure 7b). 

In general, these changes are of great importance in bioseparation processes in the gradient magnetic field. 
Consideration of this phenomenon is critical especially in in-Vivo and in-Vitro applications of MDT systems. Because 
the effectiveness of the MDT technique is determined by the level of the magnetic field or field gradient applied to 
magnetic drugs [33]. As a result of these evaluations, it is clearly seen that it is more advantageous to use rectangular 
shaped magnets in magnetic separation processes. However, the effect of magnetic field gradient may be more 
dominant for targeting magnetic drugs in regions close to the surface of the magnet. In this case, it would be more 
advantageous to use disc-shaped magnets. The magnetic field for each system must be examined separately if 
magnets with different shapes are used in biomagnetic separation and drug targeting systems. In other words, in 
systems, both intensity and gradient change should be evaluated for the magnetic field at different points of the 
working area by measuring. The three-dimensional magnetic field measuring device, we covered in our study, is 
particularly important in this respect.  

 

 
Figure 8: The variation of the magnetic field intensity along 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 for rectangular shaped magnets. 

 
In Figure 8 and Figure 9, the results of both experiments and calculations made according to Equations (6) and 

(7) are given together for comparison. In Figure 8, according to the formula in Equation (6), the changes of the 
magnetic field intensity in the 𝑑𝑑-direction at different values of the correction coefficient (𝑘𝑘1) are shown. As shown 
in Figure 8, the measurement data and the data obtained from Equation (6) are similar in nature for 𝑚𝑚 = 1. However, 
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Equation (6) does not conformity with the results of the experiments at 𝑚𝑚 > 1 values. Also, as 𝑚𝑚 increases, the 
unconformity increases rapidly. Therefore, Equation (6) gives more accurate results for rectangular magnets only at 
𝑚𝑚 = 1. 

However, these graphics do not match in terms of the values. Although the change of the magnetic field with the 
exponent law according to the 𝑑𝑑 distance is theoretically convenient, both the field intensity and the field gradient 
values calculated according to Equation (6) are obtained with errors. According to this result, it is not advantageous 
to use the magnetic field gradient generated by rectangular magnets in magnetic separators. 

 

 
Figure 9: Variation of the magnetic field intensity along 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 for disc-shaped magnets. 

 
Alternatively, it is clear from Figure 9 that the empirical formula proposed in Equation (7) fits better with 

experimental data for disc-shaped magnets. The variation of the magnetic field intensity in the 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 direction of 
the disc-shaped magnet theoretically and experimentally coincides with each other. Moreover, the correction 
coefficient 𝑘𝑘 included in Equation (7) can be determined by making fewer number (2 or 3) of experimental 
measurements for magnets with different sizes. This clearly shows that the theoretical model given in Equation (7) 
is more advantageous for practical calculations. In fact, the performance of biomagnetic separators are determined 
by the magnetic field gradient rather than magnetic field intensity. Given this situation, | 𝐵𝐵𝛻𝛻𝐵𝐵 |, which is obtained 
from Equation (6) and Equation (7) and defined as the force factor, is also useful to evaluate. Figure 10 shows the 
graph of the force factor change in the 𝑑𝑑 direction. As can be seen in Figure 10, under equal conditions, the force 
factor (| 𝐵𝐵𝛻𝛻𝐵𝐵 |) obtained from Equation (7) seems to be more effective. It is more advantageous to use the theoretical 
model determined by Equation (7) to evaluate the performance of these separators during the design and use of 
biomagnetic separators. 

 

 
Figure 10: The variation of the dimensionless magnetic field gradient factor along the 𝑑𝑑 𝑎𝑎𝑥𝑥𝑁𝑁𝑠𝑠 
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4. CONCLUSIONS 
 
The following results are obtained from the studies conducted: 
• The use of gradient magnetic fields remains an important method in developing and using new technologies. 
• To use gradient magnetic fields effectively in different systems, the main magnetization system (magnet, 

coil, electromagnetic, etc.) should be professionally designed and selected. The magnetic field intensity and 
gradient of the magnetic system must be measured and evaluated for each structure. In this case, some 
classical methods may not be enough. Therefore, simpler magnetometers should be designed or created for 
new structures, especially for smaller or narrower working regions. 

• Permanent magnet or magnetizing elements used in these systems may exhibit different performance 
depending on the structure of systems, the geometry of the working area and the characteristics of the 
environment used. Measuring and modeling the magnetic field and field gradient is required to correctly 
evaluate these properties both theoretically and experimentally. 

• To evaluate the changes of the magnetic field and the field gradient, 3𝐷𝐷 printer principle designed 
measurement setup (magnetometer) with Hall probes can be used. This magnetometer, which makes 
accurate measurements in three directions, allows to adjust the measurement steps less than < 0,1𝑚𝑚𝑚𝑚 and 
to obtain the measurement data both in tabular and graphical formats.  

• The specially designed measuring cell assembly can evaluate measuring magnetic field values at different 
points of magnetic elements of different dimensions and geometries.  

• Designed magnetometer can be used to evaluate the magnetic field and gradient in special magnetic 
separators for chemical and biomedical engineering processes.  

• The 3𝐷𝐷 magnetic field measurement device, with Hall probe can be used with the same success to measure 
and evaluate the magnetic fields in different magnetophoresis processes for nano and micro fluidic systems. 

• The simple empirical formula shown in Equations (6) and (7) can be used to evaluate the experimental 
results, magnetic field intensity, and magnetic field gradient. 

• The proposed methods will significantly contribute to the theoretical and experimental determination of 
the performance characteristics of magnetophoresis / magnetic separation processes, which have wide 
application areas. 
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