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Abstract: In this work, we carried out survey on magnetic field strength and gradient in space
around arrays of micro-sized parallelepipedic magnets by simulation and calculation. Magnetic field
distributions are a function of magnet’s size and position with respect to magnet’s surface. Our
purpose is to explain how magnetic interactions evolve while dimensions of magnetic sources are
reduced. Firstly, the simulations and calculations were executed for a magnet with a large surface
size of 1,000x1,000 um?, a thickness of 5 pm, and a residual magnetism of 1.6T perpendicular to its
surface. Then, the similar works were also performed for arrays of magnets with smaller surface
sizes, e.g. 1,000x500 pm?; 1,000x200 pum?; 1,000x100 um?; 1,000x50 pm? and 1,000x10 pum?.
Consequently, both the magnetic field strength and gradient in the space which is above and near
the surface of the magnets, particularly, the space from the surface of the magnets to the height of
100 um far from the surface of the magnets, were enhanced when the magnets’ size were
appropriately reduced. This suggests that the application field of the magnets will be expanded and
their integration into microsystems will be grown as the size of the magnets is reduced.
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1. Introduction

As we know, permanent magnets (often just called magnets) have been used in many different areas
and for many various functions in a few past decades. Common applications of magnets can be listed as
loudspeakers, meters, watches, weighing systems, microwave ovens, motors, cameras, typewriters,
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voice and video recorders, and so on. Nowadays, magnets have an important role in communication
devices such as telephones, computers, laptops; in particle accelerators; also, in nuclear magnetic
resonance imagers for medical applications. They are also employed in suspension and impulsion units
for magnetically levitated vehicles [1]. One of the newest applications of magnets is like traps to
separate, control, attract, and push micro-objects such as magnetic beads, and biological molecules
[2-4]. Since these micro-objects are very small in size and mass, to exert a magnetic force on them
requires the magnets to have a large magnetic field strength and gradient, along with a relatively small
size. Thus, many magnetic aspects such as the kind of magnets, their strength, their size, their number,
their shape, and configuration are needed to consider when designing parameters for magnets and
calculating magnetic quantities. Some papers studying the geometry [4-6], the magnetic anisotropy [7],
and the materials [3] for magnets have been reported so far. Whereas, the authors of [4, 8] have discussed
on the magnets at either micro- or large scales. However, to the best of our knowledge, few systemic
studies on the variation of the spatial distribution of magnetic field produced by magnets when changing
the size and the configuration of magnets have been so far reported. So, this work, by simulation and
calculation, is focused on the enhancement of the magnetic field produced by parallelepiped magnets
according to different sizes and configurations. We studied magnets with the following parameters: the
residual magnetism (uoM) of 1.6T along the z axis (this value is suitable for thin films of Nd,Fe1.B
[9, 10]), i.e. perpendicular to the surface of magnets, the thickness of 5 um, the surface area of magnets
decreasing from 1,000x500 pm? to 1,000x10 pm? while the number of magnets increasing from 1
magnet to 50 magnets, the distance between magnets of 10 um.

2. Calculations and Simulations

In this work, we applied the calculation and simulation models of Camacho et al., [5],
Bancel et al., [11], and Yang et al., [12] based on the Coulombian approach and the superposition
principle to calculate components of the magnetic induction of the magnets. Let’s consider a magnet
shown in Fig. 1. Its dimensions are 2a, 2b, and 2c along the X, y, and z axis, respectively. Its
magnetization is denoted by M on the z axis. To calculate the induction field at point # = (x; y; z)
produced by the magnet, we divide the magnet into infinitesimal magnetic dipoles. Each dipole has a

volume of dV = dx'dy'dz', a magnetic moment of dm = MdV, and induces a magnetic scalar potential
of d@ at the point 7.

X

Figure 1. Scheme for calculating the magnetic field induction produced by a parallelepiped magnet.
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The potential (expressed in Ampere) at the point 7 produced by the dipole at point 7' = (x'; y'; z")
is given by:
oL dm.(# —77) _ 1 dm.cos (Wri, (?—7)) 1 MdV(z—z2)
4m |7—;_p|3 41 |7—;_p’|2 41 |3
M z—17'
A [(x—x)2+ (v -y + (2 - 2)P)P
The total scalar potential at the point 7 is then given by:

-

dx'dy'dz’

— d _M a dx’ Zbdl i rdl
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Then, magnetic field (expressed in Tesla) is taken by: B = —uoVO

Finally, we get expressions for the B, B, B, components of the magnetic induction vector B at any
point as the below:

B =t [72
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To simplify the calculations and simulations, we only discussed the B, and its gradient with respect
tothe z, i.e., dB,/dz, in the space inside the cube (S) in Fig. 1. In the next parts, the base of the cube (S)
covers the surface of all magnets including gaps between the magnets.

3. Results and Discussion

Firstly, we have conducted simulations and calculations for B, and dB, /dz of a single magnet along
the y axis at a distance of 10, 20, 30, 40, 50, and 100 um from the surface of the magnet. The magnet
has a surface area of 1,000x1,000 um?, a position in the Oxyz coordinates as shown in Fig. 2a. The
origin is on the top surface of the magnet, i.e. all points on the top surface of the magnet have a z
coordinate of 0. Simulated results are shown in Figs. 2b and 2c.
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Figure 2. Simulation model for a magnet (a); simulated results for B, (b) and dB,/dz (c) along the y axis at a

distance of 10, 20, 30, 40, 50, and 100 um from the surface of a magnet with surface area of 1,000x1,000 um?.
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It is seen clearly that the B, and the dB, /dz are significant only near the edges of the magnet. Both
the B, and the dB,/dz decrease abruptly in the space (S) and far from the edges of the magnet. This
means that the magnetic force component in the z axis produced by the magnet at positions far from the
edges is almost zero because the magnetic force is proportional to B,x(dB,/dz). All are due to the
distribution of the magnetic stray field of the magnet. A zero-force zone in the middle of the space (S)
makes the magnet unable to separate and control micro-objects when they fall into the space (S). This
is a disadvantage of the single magnets with large surface areas even if they are super hard magnets.
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Figure 3. Simulation model for 2 magnets (a); simulated results for B, (b) and dB,/dz (c) along the y axis
at a distance of 10, 20, 30, 40, 50, and 100 um from the surface of an array of 2 magnets with surface area
of the each one of 1000x500 pum?.

Secondly, similar simulations and calculations were done for 2 smaller magnets with the surface
area of the each one of 1,000x500 um?and the distance between them of 10 um. The simulation model
and results are shown in Fig. 2. One can see that, in this case, both the B, and the dB,/dz in the middle
of the space (S), i.e., in the gap between the 2 magnets are enhanced compared to the B, and the dB, /dz
in the middle of the space (S) in the case of the above single magnet. In terms of an absolute value, the
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strength and the gradient of the magnetic field in the gap between the 2 magnets are greater than that at
the borders of the space (S). The enhancement of the B, and the dB,/dz in the middle of the space (S)
creates a large magnetic force here. Therefore, only by cutting the large magnet 1,000x1,000 um? into
the 2 smaller magnets 1,000x500 um?, we restrict partly the disadvantage of the large magnet. However,
in this case, we only have one more position with the magnetic force at the space between the 2 magnets.
The distance between the positions in the space (S) that have the magnetic force is still sizeable. Thus,
it is also difficult to use these magnets for controlling the micro-objects.
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Figure 4. Simulated results for B, (a) and dB,/dz (b) along the y axis at a distance of 10, 20, 30, 40, 50,
and 100 um from the surface of an array of 5 magnets with surface area of the each one of 1000x200 um?.
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Figure 5. Simulated results for B, (a) and dB,/dz (b) along the y axis at a distance of 10, 20, 30, 40, 50,
and 100 um from the surface of an array of 9 magnets with surface area of the each one of 1000x100 um?.
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Next, we continued to carry out comparable simulations and calculations for an array of 5 magnets
with the surface area of the each one of 1,000x200 um?, an array of 9 magnets with the surface area
of the each one of 1,000x100 um?, an array of 17 magnets with the surface area of the each one of
1,000x50 pm?, and an array of 50 magnets with the surface area of the each one of 1,000x10 um?. The
distance between the magnets in all these cases is 10 um. The B, and the dB,/dz of all arrays of the
magnets were also simulated and calculated along the y axis at a distance of 10, 20, 30, 40, 50, and 100
um, and are presented in Figs. 4, 5, 6, and 7.

0.08 ! T T ! 0.05 i T i T ' T
0.06 - N . . . 004+ i
| | | : : : b)
i | ia) | 41 ) . ]
004l | | o] 0.03 | - .
' | i = 002 F ne |- i
002 F e | L c | : j
3
e = 001fF -
= 0.00 v . ‘ ~ -
m | o 0.00
=
0.02 oo J . L
f T 001
-0.04 - | TF | 002 F L N NIHEEEE RN - -
-0.06 : : : - -0.03 L [ [ S I _
-0.08 ; -0.04 H i . i H i .
-500 0 500 1000 1500 -500 0 500 1000 1500
y (um) y {(um)
z=10 um z=20 pum z=30pum
z =40 um z=50 pum z=100 um

Figure 6. Simulated results for B, (a) and dB,/dz (b) along the y axis at a distance of 10, 20, 30, 40, 50,
and 100 um from the surface of an array of 17 magnets with surface area of the each one of 1000x50 um?.
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Figure 7. Simulated results for B, (a) and dB,/dz (b) along the y axis at a distance of 10, 20, 30, 40, 50,
and 100 um from the surface of an array of 50 magnets with surface area of the each one of 1000x10 um?2.
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Obtained results show that the maximum absolute values of the B, and the dB,/dz in the space (S)
of the array of the magnets with the surface area of the each one of 1,000x200 um? 1,000x100 um?,
and 1,000x50 pm? are the same with that of the 2 magnets with the surface area of the each one of
1,000x500 pm?. However, the B, and the dB, /dz in the space (S) become more uniform from the border
to the middle when the surface area of the magnet is smaller. This means that the magnetic force
produced in the space (S) by the array of the magnets with the surface area of the each one of 1,000x50
um? is the most homogeneous compared to the force produced by the array of the larger magnets in this
study. The homogeneousness can be explained by the increase in the number of magnets or by the
decrease in the distance between positions that have the |B,|,q.x and the |dB,/dzl|,,q.. The
homogeneousness and the high absolute magnitude of the B,, the dB,/dz, and the field of the magnetic
force in the space (S) make the array of the magnets with the surface area of the each one of 1,000x50
um? more applicable in the process of controlling and separating micro-objects comparing to the other
configurations of the magnets in this work.

If we continue to down the surface area of the magnets to 1,000x10 um?, both the B, and the dB, /dz,
consequently, the magnetic force in the space (S) produced by the array of these magnets become more
homogeneous than that produced by the arrays of the larger magnets. However, in terms of magnitude,
they become smaller than that produced by the arrays of the larger magnets. Obviously, we can enhance
the magnitude and the homogeneousness of the magnetic field strength and gradient, as well as the field
of the magnetic force in the space (S) by varying properly the surface area of the magnets.

4. Conclusion

This work has presented the obtained results of simulations and calculations for the B, and the
dB,/dz produced by the arrays of the parallelepided magnets having the residual magnetism of 1.6T
along the z axis. Particularly, the array of a magnet with the surface area of 1,000x1,000 pm?; the array
of 2 magnets with the surface area of the each one of 1,000x500 um?, the array of 5 magnets with the
surface area of the each one of 1,000x200 um?, the array of 9 magnets with the surface area of the each
one of 1,000x100 um?, the array of 17 magnets with the surface area of the each one of 1,000x50 um?,
and the array of 50 magnets with the surface area of the each one of 1,000x10 um?. The thickness of all
magnets is 5 um, and the distance between the magnets is constant of 10 um. This systemic study shows
that spliting a magnet with a large surface area into an array of magnets with properly smaller surface
areas will enhance the magnetic field strength and gradient in the middle of the space above the magnets.
Consequently, the magnetic force zone will be expanded and become more homogeneous from the outer
border region of the arrays of the small magnets to the middle of the arrays instead of being only
concentrated at the edges of the magnet as the case of the large magnet. The enhancement of
the magnetic field strength and gradient, as well as the expansion of the magnetic force zone makes
arrays of the properly small magnets more applicable in micro-objects control and separation than a
large magnet.
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