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Abstract

Three-dimensional (3D) particle tracking is a challenging task in dense granular systems. Magnetic particle tracking has been
developed in recent years to reconstruct a tracer’s trajectory in granular systems. The method can be low-cost, compact, and
flexible. In this work we applied a Hall sensor array method to track the trajectories of a magnetic intruder particle in a 3D
granular bed in the centrifuge of the Chinese Space Station (CSS). We present a developed algorithm. By placing sensors in
an array in a same plane, our algorithm can exclude the interference of varying external field. The method’s static accuracy
can reach 0.02 cm, and the maximum deviation of our measurement from a known path is also checked to be 0.02 cm. On
CSS, two independent sensor arrays are used to cross-check the accuracy of the method. The two measured trajectories
are well overlapped. This confirms the method’s reliability and robustness of tracking an intruder in a dense granular bed.
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Introduction

Tracking particles in three-dimensional (3D) systems is a
challenging task that demands specialized equipment, algo-
rithms, and techniques to achieve precise and dependable
measurements. The complexity arises from the inherent
variability and noise in the data, as well as the necessity to
accurately trace small and swiftly moving particles. Unlike
two-dimensional (2D) tracking, 3D particle tracking presents
additional complexities, such as the need to handle occlu-
sions, where particles may be obscured by other objects,
making traditional image analysis techniques less effective.
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Current 3D tracking methods in granular systems include,
for example, Digital Image Correlation (DIC) (Hall et al.
2010), Particle Image Velocimetry (PIV) (Bokkers et al. 2004;
Link et al. 2004; Liu et al. 2008), X-ray Computed Tomogra-
phy (CT) (Ando et al. 2012; Schroter et al. 2022), electrical
capacitance tomography (ECT) (Niedostatkiewicz et al. 2009;
Mosorov et al. 2002; Wang et al. 2008), Magnetic Resonance
Imaging (MRI) (Miiller et al. 2006, 2007, 2008a, b; Ren et al.
2005), positron emission particle tracking (PEPT) (Link 2006;
Wong 2006; Windows-Yule et al. 2020; Parker 2017; Marston
and Thoroddsen 2015), radar tracking (Ott et al. 2017), ultra-
sonic tracking (van den Wildenberg et al. 2019), and fluores-
cence techniques (Karlsson et al. 2006). There are advantages
and disadvantages of these methods. DIC is a non-contact
method that uses image processing to track the displacement
and deformation of a granular system. It is relatively fast and
can provide a high spatial resolution, but it is limited in its
ability to track particles that are transparent or have low con-
trast. PIV is similar to DIC, but it uses laser light to illumi-
nate the particles and measure their velocity. It can provide
high spatial and temporal resolution, but it is limited by the
need for a seeding agent and the potential for image distortion
caused by refraction. CT, ECT, and MRI are non-destructive
methods, which use X-rays, electrical currents, and magnetic
fields, respectively, to create detailed 3D images of a granular
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system. It can provide high spatial resolution, but it is limited
by its high cost and the need for a radiation source, a conduc-
tive medium and/or a magnetic field, respectively. PEPT is a
non-destructive method that uses radioactive particles to track
the movement of individual particles in a granular system. It
can provide high temporal resolution, but it is limited by its
high cost and the need for a radioactive source. Ultrasonic
tracking is also a non-destructive method, provides high tem-
poral resolution, but is limited by its sensitivity to the proper-
ties of the particles and the surrounding medium. Fluores-
cence techniques use a fluorescent dye to track the movement
of individual particles. They can provide high temporal reso-
lution, but they are limited by the need for a fluorescent dye
and the potential for the dye to interfere with the properties of
the particles. A good overview on particle tracking in granular
media can also be found in article by Schroter et al. (2022).

Mohs et al. developed in 2009 a magnetic particle moni-
toring method (Mohs et al. 2009) designed for use in a non-
transparent granular spouted bed. Anisotropic magneto-
resistive (AMR) sensors surrounding the granular bed detect
the magnetic field of the tracer particle, and the particle’s
position is determined from the detected intensity of the
magnetic field. While the spatial precision of this method
has improved to 0.6% in recent years (Buist et al. 2014, 2015;
Idakiev and Morl 2013; Tao et al. 2019; Buist et al. 2017;
Mema et al. 2020), it is limited to quasi-stationary external
magnetic fields and requires the extensive placement of at
least nine modules around the bed.

This paper presents a novel approach using Hall-effect
magnetic sensor arrays to reconstruct the trajectories of a
magnetic sphere within a vibro-fluidized three-dimensional
granular bed housed in a centrifuge for reduced gravity
aboard the CSS. The Hall effect, which induces a voltage
perpendicular to both the current and the magnetic field
when a current-carrying conductor is placed in a magnetic
field, has been widely used for constructing transducers
measuring magnetic fields in laboratory and research set-
tings. The use of the Hall effect for tracking particles began
to be explored in the early 2000s (Schlageter et al. 2001,
2002), especially in recent years being applied to medical
instrumentation positioning applications (Vergne et al. 2023;
Song et al. 2014; Hu et al. 2007). Our device, employing
Hall sensors in an array, achieves compactness to meet the
constraints of limited experimental volume, space, power,
and flexibility in the Space Station. As the experimental
chamber rotates with the centrifuge, the geomagnetic field
direction changes periodically relative to the chamber. This
paper introduces a new algorithm capable of precisely track-
ing particles under the evolving external geomagnetic field.
The method’s temporal fluctuations and spatial accuracy
are demonstrated, showcasing a 3D trajectory reconstruc-
tion of an intruder immersed in the vibrated granular bed in
reduced gravity within the CSS. With the current reliability
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and robustness, future developments aim to reduce the array
size while increasing precision through adjustments in data
sampling rates.

Experimental Setup and Algorithm

The experimental scheme is shown in Fig. 1(a). An intruder
made of copper of diameter 1.0 cm with embedded perma-
nent magnet (PM), is placed inside of a cubic container with
70 mm on each side. The container is filled to a height of 50
mm with spherical glass beads ranging in diameter from 0.6
mm to 0.8 mm. The intruder’s movement within the granular
bed is tracked using a Hall-sensor array placed at xOy plane
of the container.

We establish the reference point for vertical position as
Z = 5 cm when the intruder is at the surface, and Z = 0.5
cm when it is located at the bottom of the container. The
intrusion coordinates (X, Y, Z) of the magnetic sphere are
derived from the electric signals of the sensor array. The
basic working principle of the Hall sensor is depicted in
Fig. 1(b). The array consists of 7 sensors in a row and total
15 rows of sensors on a plate located in xOy plane. The plate
is positioned at a distance exceeding 2.5 times the sphere’s
magnet size (about 0.6 cm in length), allowing us to treat the
sphere as a magnetic dipole.

The magnetic induction intensity B of each sensor is
a function of the position coordinates (X, Y, Z) and Euler
angles (a, f) of the sphere. To determine the position coor-
dinates (X, Y, Z) and the Euler angles («, ) of the sphere, we
employ the Levenberg-Marquardt fitting method (Levenberg
1944; Marquardt 1963) to invert the 105 over-determined
equations of data collected by the array consisting of 105
Melexis ML.X90393 3D magnetic sensors. The Levenberg-
Marquardt algorithm is fast convergent and insensitive to
the initial values of parameters. It is based on weighted least
squares method, iteratively updating parameters by adjusting
the step size in each iteration until the parameters converge
to the optimal value, making it an effective method for curve
fitting.

(a) (b)
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Fig.1 a the experiment diagram. b the basic principle of Hall sen-
sors. The array of 7 X 15 Hall sensors is located at xOy plane
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These sensors, spaced 1 cm apart, boast a magnetic resolution
0.15 uT in the x and y axes, and 0.25 uT in the z axis. Addi-
tionally, they exhibit a sensitivity of 3.22 4T/LSB (LSB: least
significant bit) in the x and y axes, and 5.87 uT/LSB in the z axis.

Operating at a sampling rate of 30 samples/sec, the sen-
sor array dynamically captures the magnetic field measure-
ments. This facilitates real-time tracking of the magnetic
sphere’s motion trajectory within the granular bed, as well
as the acquisition of its rotation angle during its motion.

Each sensor located at coordinates (x, y) is capable of
reading a magnetic field vector B, where B(x, y) generally
comprises four terms, as expressed by Eq. (1):

BY(x,y) = € + Gy, y) + P y) + 17 M)

Here, the index i corresponds to the Cartesian coordinates
(x, y, ), and the index j represents the frame number. To
ensure robustness of the results, we exclusively consider B,
for particle position determination. It is because all the sen-
sors lie in the same plane and share a common z-axis. The
contour of B, contains only one peak and one valley, while
for contours of B, and By, each contains two peaks and two
valleys. The fitting of B, and B, may cause unreasonable
results. The reliability and robustness of utilizing B, for par-
ticle positioning will be demonstrated later.

The first term ng) represents the external magnetic field,
such as the geomagnetic field. In our algorithm, since all
sensors lie in the same plane and share a common z-axis,

Fig.2 a the background
magnetic field G (x, y). b the
total magnetic field B (x, y). ¢
the result after subtracting the
background G, (x, y) with the
smoothing factor N = 1. d The
red points for smoothing factor
N = 16, and the surface is the
fitting result with Eq. (7)

each sensor shares a same z component of the external mag-
netic field, and Cg’) is invariant in space. The second term
G (x,y) represents the background magnetic field around the
sensor array generated by the instruments near the sensor
array. G,(x,y) remains constant with time. The third term
j”z_(i)(x, y) originates from the magnetic dipole in the sphere
and is determined by the particle coordinates (X, Y, Z) and
Euler angles (a, ) of the permanent magnet (PM). The
fourth term ’7? arises from the noise of the ADC (analog-
digital converter) of the array.

The background field Gi’) (x, y) can be measured by removing
the intruder and averaging the signal over M frames:

M
G.(x,y) = % D GO, ). )
=1

Usually the value of M can take a few thousand.

If the intruder remains relatively stationary over N frames,
it is possible to mitigate fluctuations by applying data smooth-
ing across those N frames. Under such quasi-static conditions,
Eq. (1) undergoes a transformation as follows:

Jj+N-1
. . 1 .
o)+ + 5 Z n?
J
| )
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The right-hand side (rhs) of Eq. (3) can be experimentally
measured. Figure 2(a) gives an example of background
signal, and Fig. 2(b) is the measured total signal B,. After
subtracting the background G, (x,y), the result is illustrated
in Fig. 2(c), comprising the dipole term f,@(x, y), the geo-
magnetic field CZ@, and the noise term 11?, as described in
Eq. (3). Averaging the adjacent N frames, the noise can be
significantly diminished, as shown in Fig. 2(d).

For the left-hand side (lhs) of Eq. (3), fz(j) (x, y) can be read-
ily obtained by considering the permanent magnet (PM) as a
dipole. Assuming the half-length of the magnet is represented
by d, the coordinates of the magnet poles are

X 0 X
Y |=MM|O|+]|Y|
el d V4
4
X, 0 X @
2y —d Z
where M and M, are rotating matrices of a and f:
1 0 0
M, =]0 cos(e) —sin(a) |,
0 sin(a) cos(a)
. &)
cos(f) 0 —sin(p)
sin(f/) 0 cos(f)
The magnetic scalar potential in space can be written as:
k
= VeE—x)?+ G-y + -2
Y ©)

Va2 + =3P+ G- 5P

where k is the strength of the magnet dipole. There-
fore, the magnetic field in xOy plane can be written as
Z(’)(x, y) = 0,¢|,_. After some algebra,

fO@,y) + CY = k(d cos acos p — Z) - [(d cos acos f — Z)*

+ (=dsin f — X + x)*

+ (—dsinacosf—Y + )/)2]_3/2

+ k(dcosacosf+Z)-[(dcosacosf + VA%

+ (dsin f — X + x)?

+(dsinacos f— Y +y)"1/* + CY.

(N

The measured half-length d of the PM is equal to 0.285 cm
and the magnetic strength k = 2.77 x 10* uT - cm?. As (x, y)
can take 7 X 15 = 105 discrete values, which is significantly

greater than the number of unknowns, Eq. (7) forms a sys-
tem of overdetermined equations. Consequently, it is more
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efficient to conduct fitting rather than seeking an analytical
solution. From Eq. (7), by treating the coordinates (X, Y, Z),
Euler angles (a, f) and the scalar Cg’) as the fitting param-
eters, we are able to determine the particle location. Using
MATLAB, wechoose X =Y =Z =0,a =0, § = Oas initial
fitting values. The damping parameter is chosen dynamically
based on the curvature of the objective function. The method
starts with a small initial value for the damping parameter
and then evaluates the improvement in the objective function
after each iteration. If the improvement is not significant,
the damping parameter is increased to help converge to a
better solution. If the improvement is too large, the damping
parameter is decreased to prevent overshooting the optimal
solution. As depicted in Fig. 2(d), the experimentally meas-
ured data points align well with Eq. (7). It shows the location
of the particle can be accurately determined.

The signal-to-noise ratio of the magnetic field decreases
as Z increases. In order to choose the worst case scenario,
we placed the intruder at the surface of the granular bed,
a position farthest away from the sensor array, to investi-
gate the variation of the temporal fluctuations as a function
of the smoothing factor N. The fluctuations of the particle
position (X, Y, Z) are shown in Fig. 3(a)—(c). Indicated in
Fig. 3(d), smoothing N adjacent frames reduces fluctuations
by 1/ \/ﬁ , as depicted by the red curve. With N = 16, the

0 2 4 6 8 10 12 14 16 18
N

Fig.3 a—c are the temporal fluctuations of the position (X, Y, Z) of
the fixed particle. Red dots for N = 1, green dashed curve for N = 4
and blue solid curve for N = 16. d is the standard deviation for differ-
ent N. Triangles, squares and circles represent for X, Y and Z respec-
tively. The red curve is the fitted result for std(Z) o 1/ \/ITJ
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standard deviation of Zis 0.02 cm. The smoothing procedure
enhances measurement accuracy.

To assess spatial accuracy, we placed the sensor array verti-
cally and secured a circular track on the horizontal plane. The
diameter of the circular track is 6.8 cm, and we allowed the
intruder to move along the track at a speed of 0.5 cm/s.

As illustrated in Fig. 4, the reconstructed trajectory repre-
sented by the blue points matches with the real trajectory of

the intruder (depicted as red circles in Fig. 4). As the intruder
moves farther away from the sensor array, the signal-to-noise
ratio of the magnetic field diminishes, potentially resulting
in increased errors in the measurement outcomes. However,
this error can be mitigated by appropriately increasing the
smoothing factor N. With N > 16, the standard deviation of
the error remains below 0.02 cm (Z = 6 cm), even when the
position is significantly distant from the sensor array.

12

N=1

12 )

N=4

T

23456789

S 1331567809

(c)

N=8§

(d)

N=16

Z (cm)

1234156789 D123456 7809

Z (cm)

Fig.4 The spatial accuracy for different smoothing factor N. Red circles are the exact track of the intruder, blue dots are the magnetic measure-

ment result
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Particle Tracking in Granular Bed on Board
the CSS

The tracking method is applied for detection of the trajec-
tory of a magnetic intruder in a vibration-driven granular
chamber within a centrifuge of radius 90 cm. As depicted in
Fig. 5(b), the artificial gravity acts in the opposite direction
along the z-axis. The chamber, driven by a linear motor in
the z-direction, has dimensions of 7 cm X 15 ¢cm X 7 cm,
equally divided into two compartments Bl and B2, both
filled with glass beads. The magnetic sphere is positioned
in compartment B1.

Firstly, we need to measure the gradient of the total mag-
netic field in order to estimate the influence of the total mag-
netic field on the intruder motion. We take out the intruder
and let the linear motor move a distance of 2d = 5.7 mm
along the z axis. Then the variation of the magnetic field
near the xOy plane is measured as AG,. The magnetic force
on the intruder is:

AG,
|F,| < Am )]
Ho

Vibration

Fig.5 a the chamber in the centrifuge on CSS. b the schematic dia-
gram of the chamber. The vibration direction is along the z axis, and
two sensor arrays are located on the xOy and yOz planes

@ Springer

This force takes its maximum value when the dipole is
perpendicular to the xOy plane. The measured difference
AG, = 0.115 uT. p,is the vacuum permeability, and the
magnetic charge of the dipole is g,, = 4xk. At the bottom
of the chamber, the force is |F,| = 3 X 10~° N. This is much
smaller than the artificial gravitational force at 0.1g on the
sphere (4.11 x 1073 N). Therefore, we prove that the influ-
ence of the environmental magnetic field to the intruder can
be neglected.

To cross-check the measurement accuracy, two Hall
sensor arrays are placed at the xOy and yOz planes of
the experimental chamber. The motion of the intruder is
detected by both sensor arrays. Figure 6 shows the par-
ticle trajectory with vibration frequency f =5 Hz and
amplitude A =3.78 mm under environmental gravity
0.1 g. The particle began to move at = 1250 s when the
chamber began to vibrate. It moves from the bottom to
z =4 cm and fluctuates at that height. The (X, Y, Z) com-
ponents of the particle trajectory are shown in Fig. 6(a),
and its corresponding 3D motion is shown in Fig. 6(d).
The orientations of the dipole are shown in Fig. 6(b),
where 6 and ¢ are directions of the dipole projected on
the xOy and yOz planes. The trajectories and orientations
measured by the two sensor arrays nearly overlap. Due
to the symmetry of the magnetic field, the rotation of
the magnetic dipole around the axis of symmetry has no
effect on the magnetic field, so the third Euler angle can-
not be measured. If one is interested in this angle, it can
be measured with a magnetic quadrupole.

The choice of the N value is determined by the signal to
noise ratio. In Fig. 6(a), the intruder trajectory for N = 11is
given, and the inset gives the averaged trajectory for N = 8.
Bed particles are agitated along Z direction. We expect the
intruder particle moves mainly along Z direction, either
ascent or descent. As seen in Fig. 6(a), the ascent velocities
of the intruder are all measured as 0.39 cm/s both for N = 1
and N = 8. The spatial accuracy can be further improved by
increasing the data sampling rate. Currently we are using
a low rate 30 fps, which can easily be increased to 120
fps or even higher. In this case the spatial accuracy can be
improved to 0.01 cm, much smaller than the instantaneous
sharp turning distances observed in the Fig. 6(a).

The parameter c§_") represents the external magnetic
field. In our experimental condition, it shall be the
geomagnetic field in the chamber frame. We therefore
examine the fitting results of Cg), plotted in Fig. 6(b).
The red dashed curve represents the measurement of
the xOy array, and the blue solid curve represents that
of the yOz array. Both curves are cosine functions with
a period T = 3.9 s, consistent with the rotation period
of the centrifuge. The red and blue curves have ampli-
tudes of 78.4 and 77.3, respectively. The phase of the
red curve is 7 /2 ahead of the blue curve, attributed to
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Fig.6 a the three-dimensional position of the intruder for N = 1, the
dots for xOy array, and solid curves for yOz array. The inset is for
N =28.b (0,,9,) and (0,, p,) are the directions of the dipole meas-
ured by the yOz and xOy array at N = 8. Dashed curves for (6, ¢,),
solid curves for (6,, @,). ¢ the geomagnetic field Cy) of two arrays as
functions of time, the red dashed curve for xOy array and the blue
solid curve for yOz array. N is chosen as 8. d the three-dimensional
trajectory of the intruder. The frame of solid red curves is the experi-
mental chamber. The blue dashed outline indicates the surface of the
granular bed

the geomagnetic field being projected into two mutu-
ally perpendicular planes, xOy and yOz. This verifies
the fitting parameter c§_"> is closely related to the exter-
nal geomagnetic field, and our method is reliable.

Conclusions

In this work a new algorithm capable of precisely tracking
particles under the evolving external geomagnetic field is
presented. At the sampling rate of 30 fps, the spatial accu-
racy of the measurements of two perpendicularly placed Hall
sensor arrays are cross-checked. The spatial accuracy meas-
ured by both arrays is 0.035 cm, showcasing a 3D trajectory
reconstruction of an intruder immersed in a dense vibrated
granular bed in reduced gravity within the CSS.

We prove that we can successfully track the motion of
a single magnetic particle in a shaken granular bed. The
algorithm proposed here is much simpler than the previous
ones and is more time-efficient to implement. The signal to
noise ratio can be improved by averaging the sampling rate
by N frames. In our case we have chosen N to be 8 for most
of the data. There are only 5 unknowns in Eq. (7). Current
105 sensors is much more than the number of unknowns
for solving the equation. Thus a reasonable reduction in the
number of sensors will not affect the fitting results. In addi-
tion, reducing the number of sensors can further increase
the data sampling rate, and decrease the array size. With the
current reliability and robustness, future developments aim
to miniaturize the device while increasing precision through
adjustments in data sampling rates.

The method is applicable to intruder tracking tasks in
dense granular bed as long as geomagnetic influence is
negligible compared to that of particle collisions or fric-
tions. If rotational degrees of freedom are not of the con-
cern, the method can also be applied to intruder tracking
in granular gas.
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