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Abstract: Active magnetic motion sensing relies on a com-
bination of magnetic sensors and actuators to indirectly sense
a time-varying change in position and orientation. Based on
our previous work on a 1D setup with magnetoelectric (ME)
sensors, we introduce a concept for a full 6D sensing system,
which is positioned as a modular setup for human movement
pattern capture with regard to neurodegenerative diseases. In
this paper, we implemented an inverse model based on ideal
triaxial sensors and coils. We then included results from the
previous experiments to estimate the prospective performance
in a physical setup. We obtained a spatial error of a few cm
and approx. 10° with focus on superimposed sinusoidal move-
ments of 1, 5, and 10 Hz.
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1 Introduction

Analyses of human movement patterns are of high relevance in
both diagnosis and therapy of movement disorders like Parkin-
son’s disease. While lab-bound optical motion capture is the
gold standard, wearable sensors (mainly inertial measurement
units, IMUs) are emerging as an alternative. However, reliable
and accurate computation of crucial motor markers like step
length is challenging [1]. Potential candidates for supplemen-
tal data acquisition include time of arrival (ToA) [2] and mag-
netic [3] methods. The presented magnetic approach focuses
on 3 X 1 mm magnetoelectric cantilever sensors, which offer
a magnetic noise of single digit pT/v/Hz in their first bending
mode at 7.7 kHz [4]. Avoidance of conductive and ferromag-
netic materials and the 1/r® decay of magnetic dipole fields
suggest to aim for small distributed sources and sensors with
short distances. Such an approach relies on the ability to accu-
rately separate the source signals even in the case of high band-
width demands due to motion. In contrast to quasi-stationary
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Fig. 1: Overview of the magnetoelectric motion sensing system.
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localization approaches (e.g., [5]) that aim for a minimization
of the spatial uncertainty, the temporal uncertainty (capturing
higher frequency components) also is of great concern here. In
[6], we demonstrated both the fundamental feasibility of a ba-
sic motion sensing system in a 1D setup as well as the ability
to use frequency-division multiple access (FDMA) techniques
to separate multiple sources. However, the physical setup was
not able to reconstruct movements apart from very constraint
scenarios. Therefore, we propose the use of 3D sensors as well
as 3D coils for a full 6D motion sensing approach (Fig. 1). The
fundamental setup contains a transmitter unit with signal gen-
eration for three coils and a receiver unit with preprocessing
(band-limiting, equalizing), channel separation, and finally the
dipole estimator that is the focus of this paper.

2 Methods

2.1 Magnetic Dipole Approximation

Assuming a sufficient displacement, the vector field b (mag-
netic flux density) of a short cylindric coil can be approxi-
mated as a dipole [7] with constant parameters aggregated in
bo and the vector field directivity 6. Here, the 3D sensor’s po-
sition and orientation towards the coil (origin, normal vector
in x direction) are described as a position vector # (r: length,
€r : normalized position vector) and a rotation matrix R :

Clint Hansen, Walter Maetzler, Department of Neurology, Kiel b(7, R) = by — R 0« (&). (1)
University, Kiel, Germany T
@ Open Access. © 2022 The Author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

451



= Hoffmann et al., 6D Motion Sensing with ME Sensors

Magn. meas. Norm. for
matrix  field cons

Position

Fig. 2: Overview on the proposed inverse model for a 6D motion sensing approach.

The resulting equation system is only solvable for heav-
ily constrained movements (e.g., 1D motion with fixed orien-
tation) and otherwise under-determined with up to three un-
knowns for position and orientation each. In case of a 3D
source comprised of three dipole sources (assuming ideal sig-
nal separation), b is replaced by a 3 x 3 matrix B:

~ 1 T2\ A2\ G (=
B(7,R) = bg 3 R |0x(€y), Oy(€r), 0z(€r)|. (2)

(&)

The directivity matrix @ (€ ) is symmetric with the com-
ponents z, y and z of the normalized position vector €; :

1
o) = (3 &éf — 1)
1 322 -1 3zy 3xz
=3 3zy 3y2 — 1 3yz 3)
3xz 3yz 322 -1

The resulting equation system with nine (partly depen-
dent) equations and six unknowns is the basis for the applied
inverse approach to obtain both position and orientation.

2.2 Inverse Solution

The described approach for a 6D inverse model is comprised
of three chained subsystems, depicted in Fig. 2 as (a), (b)
and (c). We expect slightly different parameters for each coil,
which are therefore denoted as Bo’j. These might be estimated
beforehand based on coil characterization (Rj: mean radius,
Nj: number of windings) and current measurements j ac-
cording to:

boj = 4)
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2.2.1 Distance

As the first processing step, we obtain the distance-
dependency f3A from the measured B matrix which contains
three vectors Bj. The computation (from eq. 2) is straight-
forward as it can be shown that the spectral norm of both rota-
tion and directivity matrix is 1:

1 _
3

5 & & -

BO,X , BO,y , BO,Z:|

2

‘We introduce another normalization step to get the rotated
directivity matrix &, which is adjusted for both distance and
coil parameters:

$}_f3|:b; by by
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2.2.2 Absolute Position Components

After normalization, the estimated position might be described
by a position vector of unit length with the components Z, §j
and 2. The multiplication of the individual vectors (Zj with
the rotation matrix does not affect its length q% (vector norm),
which we compute next. The vector norm of the normalized
magnetic dipole field is depicted in Fig. 3. E.g., for the x coil,
&x can be attributed to a specific axial (Zx) and radial (px)
displacement:
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However, the angular component and the signs are am-

biguous due to rotational symmetry and the square-root oper-

ator, respectively. We repeat this step for each of the coils.
Fig. 3 displays each coil’s contribution as a circle. In the

ideal scenario, there is one point where all three circles inter-

sect in each octant of the coordinate system. The graphic also
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Fig. 3: Orientation-dependent vector norm of the magnetic dipole.

highlights that one of the components is redundant as it can be
indirectly computed from the axial and radial displacements
of the other two. To support subsequent processing steps, we
identify the component with the highest inconsistency (direct
vs. indirect) and replace it based on the vector length.

2.2.3 Ambiguity and Orientation

Due to the symmetry of & (cf. 3), ambiguity can not be
completely avoided. Therefore, we exclude negative x values.
There remain four possible octants in the coordinate system
(i.e., four sign combinations for y and z). For each combina-
tion, we compute a matrix ek according to (3). With (2) and
the previously computed matrix & instead of B we get:
é = Rkék = Rlzl = ék éil. (8)
We compute the norm of each transformation matrix can-
didate that transforms @, into ®. As a rotation matrix does not
affect the length of a vector multiplied with it, we can select
the matrix with the norm closest to 1. Based on this decision,
we set the signs of the position and compute the angles.

2.3 Parameters of the Physical Setup

To this point, we outlined a theoretical approach that works
error-free with simulated data, but does not take neither time
nor noise into account. Thus, we included anticipated flaws of
our prospective physical setup. As the actual sensors have a
certain form-factor, there is some spacing between their sen-
sor elements required. This causes a deviation from the point
assumption for the ideal 3D sensor. Therefore, we assumed a
virtual center of the 3D sensor from which each sensor devi-
ates by 1 cm in the direction of its sensitive axis. The actually
available bandwidth for magnetic input signals (i.e., caused by
movement-induced modulation) was set to 100 Hz (matched
filter length of 10 ms). This corresponds to an additive input
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noise of approx. 0.5 nT for each sensor (assuming resting sen-
sor, moving coil [6]). For perspective, the simulated 3D coil
(3x 100 windings, 13.5 mm mean radius, 400 mA) produces
low double digit nT at a distance of 50 cm. We applied zero-
phase lowpass filtering to the retrieved position/angle signals
(Butterworth, 2nd order, 20 Hz).

3 Results

Fig. 4 shows the simulation results with the color scheme dis-
played above. The ground truth is depicted in a darker shade
of the same color.

As we focus on the performance of the approach in mo-
tion, we defined an appropriate motion scenario: The sim-
ulated position was comprised of two sinusoidal signals (x:
20 cm amplitude at 1 Hz, y: 5 cm at 10 Hz). We applied similar
signals for the angles (roll: 5° at 5 Hz, pitch: 45° at 1 Hz).

Fig. 4 a shows the position estimation compared to the ac-
tual position. The y component was quite noisy. The z compo-
nent was affected by a low frequency oscillation, which could
clearly be seen in the corresponding error plot (Fig. 4 b). The
mean absolute error (MAE) was 1.2 cm for X, 3.6 cm for y,
1.7 cm for z, and 7mm for the overall distance. We also fo-
cused on the spectral properties of the x and y component
(FFT, 55, 1024 Points), which are depicted in Fig. 4 ¢. The
low frequency component (1 Hz) was accurately restored, the
10 Hz signal was significantly attenuated (factor 2).

Similar considerations can be made for the obtained ori-
entation estimation (Fig. 4 d). As the error plot (Fig. 4 e) high-
lights, pitch estimation was most accurate with an MAE of 6°
with roll and pitch close to 10°. In the spectral plot (Fig. 4 f),
both expected peaks at 1Hz and 5Hz were clearly visible
while there were some additional peaks (e.g., 10 Hz).

4 Conclusion

In this paper, we simulated the behavior of a magnetoelectric
6D motion sensing system. We considered the static perfor-
mance in terms of a spatial error, but also the ability of the
proposed setup to capture a weaker, superimposed motion at a
higher frequency. Overall, the accuracy of the position (and
esp. distance) estimation seemed appropriate for further re-
search regarding the prospective use case as a supplemental
sensor in clinical application. While the restored 10 Hz fre-
quency component was significantly attenuated, there might
still be some value in identifying the frequency itself.
However, the deviation from the ideal 3D sensor was actu-
ally more critically (esp. for orientation) than the noise in this
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Fig. 4: Simulation results for sinusoidal movements.

454

specific simulation. This is probably related to the fact that the
distance between the sensor elements is (too) large in compar-
ison to the sensor coil distance. This became clear from the
undesired sinusoidal signal components which were mostly
interference from the 10 Hz translatory movement. Currently,
the naive dipole estimation approach does not really account
for it, which might be improved in combination with a better
redundancy exploitation of the dipole geometry. The assumed
distance between the sensor elements was based on currently
available sensors, which might by overcome with dedicated
3D sensors. We also expect significant improvements by ap-
plying a tracking algorithm (e.g., Kalman) to exploit inertia.
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