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A Cubic 3-Axis Magnetic Sensor Array for Wirelessly
Tracking Magnet Position and Orientation

Chao Hu, Mao Li, Shuang Song, Wan’an Yang, Rui Zhang, and Max Q. -H. Meng

Abstract—In medical diagnoses and treatments, e.g., endoscopy,
dosage transition monitoring, it is often desirable to wirelessly
track an object that moves through the human GI tract. In this
paper, we propose a magnetic localization and orientation system
for such applications. This system uses a small magnet enclosed
in the object to serve as excitation source, so it does not require
the connection wire and power supply for the excitation signal.
When the magnet moves, it establishes a static magnetic field
around, whose intensity is related to the magnet’s position and
orientation. With the magnetic sensors, the magnetic intensities
in some predetermined spatial positions can be detected, and the
magnet’s position and orientation parameters can be computed
based on an appropriate algorithm. Here, we propose a real-time
tracking system developed by a cubic magnetic sensor array made
of Honeywell 3-axis magnetic sensors, HMC1043. Using some ef-
ficient software modules and calibration methods, the system can
achieve satisfactory tracking accuracy if the cubic sensor array
has enough number of 3-axis magnetic sensors. The experimental
results show that the average localization error is 1.8 mm.

Index Terms—AMR sensor array, cubic magnetic sensor array,
magnet, real-time tracking.

I. INTRODUCTION

R ECENTLY, many researchers have suggested the mag-
netic localization and orientation technique for tracking

the short distance objectives, e.g., the medical apparatus inside
the human body [1]–[5]. This is because that the human body
has the magnetic permeability very close to that of the air, and
exerts very little influence on the static (or low frequency) mag-
netic signal, so it is possible to achieve high localization accu-
racy. In addition, the magnetic technique is of higher speed and
can be more easily realized comparing with other possible tech-
niques, e.g., CT, MRI, and 3-D ultrasonic techniques.

Typically, this technique uses a magnetic excitation source
with one or more magnetic dipoles (or coils), which generate
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magnetic signals that can be detected by the magnetic coils (or
sensors). Based on these detected signals, the system can com-
pute the localization and orientation parameters by applying an
appropriate algorithm. In some applications, the low-frequency
AC signals can be used for the excitation dipoles [6], [23]–[25].
However, for the tracking of the objectives inside the human
body, e.g., the wireless capsule endoscope [8]–[11], and the
monitoring of the pill transit [7], [14], [16], wireless technique is
preferable. Since such applications demand as small power and
space as possible, a small permanent magnet is a better choice
to serve as the excitation dipole instead of the magnetic coil.

Such a magnet’s localization is a 5-D (3-D position and 2-D
orientation) problem, so a detection system with 5 (or more)
high-sensitive magnetic sensors is required. Some researchers
have suggested using Superconducting Quantum Interference
Device (SQUID) technique to monitor the transit of a magneti-
cally markers [7], [16], [26], [27]. However, the SQUID require
cooling, and the measurements are usually performed in a mag-
netically shielded room. It is desirable to find a more convenient
magnetic detection technique that can be realized in a normal
environment. Such a technique could be referred by the systems
proposed by Schlageter et al. [14] and Golden et al. [15]. They
built a system using a 2-D array of 16 Hall sensors for tracking
a magnetic marker made of rare earth cylindrical magnet. How-
ever, the sensitivity of the Hall sensor is too low and the detected
signal from the planar sensor array becomes too weak when the
magnet moves away from the sensor array, which results in a
low signal-noise ratio (SNR) and low localization accuracy.

The magnetic sensor is a key element for the localiza-
tion system, and there are many types of magnetic sensors,
e.g., Hall sensor [28], [29], Giant Magnetoresistive (GMR)
sensor [30]–[32], Anisotropic Magnetoresistive (AMR) sensor
[33]–[35] and fluxgate [36], [37]. To guarantee enough SNR
for the detected signals, the sensors must be of high sensitivity,
wide range, and strong anti-interference ability. In our previous
research [12], we tried these magnetic sensors, and finally
chose Honeywell 3-axis AMR magnetic sensors, HMC1043
(or HMC1053). Its resolution and sensitivity are suitable for
the magnetic signal generated by a Nd-Fe-B magnet with the
size of (or bigger) if the distance between
the magnet and sensor is within as 30 times as the length of the
magnet.

As shown in Fig. 1, a planar magnetic array system was
earlier built by using 16 HMC1053 sensors [12]. This system
has the average localization error within 3 mm when a cylin-
drical (Nd-Fe-B) magnet with moves within
150 mm over above the sensor array. However, the accuracy
decreases sharply when the magnet moves more than 150 mm
away from the sensor array plane because the magnetic signal
attenuates too much (reversely cubed) with the distance be-
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Fig. 1. Planar sensor array with 16 sensors.

Fig. 2. Cubic magnetic sensor array. (a) Cubic sensor array scheme. (b) Real
sensor array system.

tween the magnet to the sensor. To guarantee the accuracy and
stability, we designed a new system by using more (64) 3-axis
magnetic sensors to form a cubic sensor array with size about

, and improved the localization algorithm
by combining the linear matrix and nonlinear optimization ap-
proaches. In addition, we applied a specific calibration method
for the sensor parameters. Consequently, the localization and
orientation results are more accurate and robust.

The organization of this paper is as follows. In Section II we
introduce the hardware design of the system. In Section III, we
discuss the localization algorithm and real-time software design.
In Section IV, we propose the calibration method for the sensor
array. In Section V, we present the real experiment results and
some analysis on the results, which is followed by the conclu-
sions in Section VI.

II. SENSOR ARRAY HARDWARE DESIGN

Fig. 2 shows the cubic magnetic sensor array. It consists of
four planes of the magnetic sensors, which form a cubic inner
space around , The magnet can freely
move inside the sensor array. The size of the magnet can be

Fig. 3. Hardware system.

Fig. 4. Amplification and control circuits.

small as or big as de-
pending on the applications, and the larger the magnet the higher
the SNR. In the experiment, the distance between the magnet
and sensors should be about 50–450 mm for suitable measuring
range. Fig. 2(b) shows the real sensor array system. On each
plane there are sixteen uniformly arranged 3-axis magnetic sen-
sors, and the surrounding of the sensor array must be free of
any ferromagnetic material. The sensors are then connected to
the successive amplification and processing circuits. The trans-
parent plastic planes are uniformly reticled with 5 mm scale in
order to make the position and orientation calibration.

As shown in Fig. 3, the hardware system includes the mag-
netic sensor (Honeywell HMC1043) array, precision amplifiers,
control circuits (for sensor channel switching and adjusting),
ADCs, a power supply, and a PC computer. The magnetic sen-
sors output signals related to the magnetic intensity in its po-
sition and are connected to the amplification circuit boards by
shielded cables (shown in Fig. 4), where the amplifier amplifies
and adjusts the signal magnitude suitable to the voltage range

– for AD conversion. Then, the computer selects the
particular signal channel, and samples the signal by the 16-Bit
ADC (ZTIC-USB-7310A [USB interface, 16 channels]). Be-
cause there are 192 (64 3-axis magnetic sensors) signal chan-
nels, digital outputs are used to switch the multiplexers for sam-
pling the signals from different channels. The Honeywell mag-
netic sensor, HMC1043, is a 3-axis AMR (Anisotropic Magne-
toresistive) sensor, which has a resolution and a
range . Fig. 5 shows its package (16 pins) and the
PCB circuit. In the sensor, each of the 3-axis sensors has four
resistors made by thin films on the silicon base.

These four resistors work in a differential mode. The resis-
tance in two of them (in the opposite side) increases, while that
of other two resistors decreases, with the input magnetic field.
This differential resistance variation will linearly produce a
voltage output change in the Wheatstone bridge. Fig. 6 shows
the amplifier circuit for a 3-axis AMR sensor. The Wheat-
stone bridge is power-supplied by a high-stable power source
( – ). The outputs of the three bridges (A, B, C) are
amplified by using the instrumentation amplifiers AD623 s.

To make better use of the sensors, we should use other
built-ins of the sensor: the set/reset for the magnetization
alignment, and the offset adjustment. The magnetic domain
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Fig. 5. Honeywell 3-axis AMR sensor HMC1043 (a) 16-Pin LPCC ��� �� �� �� � (b) PCB circuited.

Fig. 6. Amplification circuit for HMC1043.

Fig. 7. Set/reset control for HMC1043.

orientation in AMR might be broken down when it is exposed
to a strong interference magnetic field, and it is critical to
the sensor operation. HMC1043 has an on-chip strap that can
create the set and reset fields to rebuild the ideal magnetization
alignment. To do so, a 1 A and current pulse is applied
to the Set/Reset strap. Fig. 7 shows the control circuit, where
relay and are used for the set and reset operations. When
the circuit is powered, capacitor C is charged to 5 V within one
second. During set operation, computer sends controls “1” and
“0” to and , and applies enough current to the control
coils of the relays through NPN transistors. Because relay
is “on” and is “off”, the capacitor discharges a current
through the sensor’s set/reset straps, and the set operation is
realized. Similarly, the reset operation can be done by control
the relays to reverse the current.

HMC1043 has also an on-chip offset strap to accomplish
offset adjustment. Fig. 8 is the circuit for adjusting the offset
by applying a current through the strap, and the adjustment

Fig. 8. Offset adjustment circuit.

Fig. 9. Localization coordinate system.

is realized by the potential-meters to apply suitable current
passing through the offset strap.

III. ALGORITHM AND SOFTWARE

The software includes three main parts: the localization and
orientation algorithm, the data acquisition, and the display
interface.

A. Nonlinear Localization Algorithm

The magnetic field created by a magnet is a 5-D high-order
nonlinear function of the magnet’s position and orientation. By
using the coordinate system shown in Fig. 9, the magnet’s posi-
tion is defined by , and then the magnetic flux in po-
sition can be represented by following formula [10]:

(1)

where , , and are the three components of the mag-
netic flux intensity in the numbered th sensor position, is
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the total sensor number; is the relative permeability of the
medium (in the air, ); is the air magnetic permeability

; is a constant defining the
magnetic intensity of the magnet ( , where
is the radius of the cylindrical magnet, and is the length of
the cylindrical magnet, is the magnetization strength and
our Nd-Fe-B magnet has value of );

is a vector defining the direction of the magnet,
which is in two dimension because it can be defined by two an-
gles; is a vector defining a spatial
point of the th sensor with respect to the magnet center, which
is in three dimensions; is the module of .

In order to compute the magnet’s 5-D localization and ori-
entation parameters, five or more sensors must be used to mea-
sure the magnetic fluxes in the specific spatial points. Because
of the high-order nonlinear relation between the magnetic inten-
sity and the magnet’s position and orientation parameters, an ap-
propriate nonlinear optimization algorithm should be found. We
tried many optimization methods, e.g., Powell [18], Downhill
[19], DIRECT [20], MCS [21], LM, etc. We found that Powell’s
method results in large error (the computation error reaches 8
cm) and downhill simplex method has too small tolerance for
initial guess parameters and too large computation error; DI-
RECT and MCS can provide high search accuracy, but their ex-
ecution speed is too low (the average execution time is larger
than 0.503 s). Levenberg–Marquardt (L-M) method [10] is the
appropriate choice, because it provides satisfactory tolerance for
initial guess parameters, almost zero computation error when
the error level of the initial guess is within some threshold (po-
sition error within 20 cm), and faster speed ( in Matlab).

If the measured sensor data of the th sensor is represented by
and the calculated field data by , the objective error

function is defined as

(2)

where is the function of the position parameters
and orientation parameters . The L-M method [22]
varies and to minimize . Finally, we
obtain the resultant localization and orientation parameters

.

B. Linear Algorithm

The nonlinear algorithm has its drawbacks, e.g., low-speed,
high complexity, and dependence on the initial guess of the pa-
rameters. Therefore, we proposed a linear algorithm [11], which
is realized by 5 or more 3-axis magnetic sensors.

Through some vector computation on (1), we can obtain fol-
lowing representation:

(3)

This equation can be further simplified as a linear form

(4)

where

with , ; and .
In this equation, and are composed of the sensor

data and its position , and inde-
pendent of the six unknown parameters ;

is only composed of the six unknown parameters
. With the data from five sensors, a ma-

trix and a vector
can be calculated, and then

we have

(5)

Once is solved, the parameters , and can fur-
ther be solved. In case that is singular, we define

, and , or define , and
, and then we have different representations of

, , and in (4). This linear method is much simpler com-
paring with the nonlinear algorithm. Therefore, it simplifies the
problem and increases the execution speed tremendously, such
that it is more suitable for the real-time tracking system.

However, there is a singularity problem when is close to
zero, which brings about large error. Although we can change
the equation formation to avoid the singularity, it might cause
incontinuity and makes the programming difficult. So, we adopt
the following steps to improve it.

First, we change the above five-order (4) as

(6)

where shown in the equation at the bottom of the page. This
is a six-order equation, and now we need to use six (or more)
sensors to solve for six parameters in the column vector. In the
real system, the magnetic flux is detected by magnetic sensors,
and some types of noise exist in the acquired data, which cause
the error in the solution. To obtain more accurate results, more
sensors are preferable.

Assuming that there are sensors, and from (3), we have

(7)

where is the objective matrix shown in the equation at the
bottom of the next page. Because noise exists in the sensor data,
the solutions are not unique when . Here, we use the
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least square error algorithm to address this problem, and this is
to find the solution of (7) by minimize the square error

(8)

It has been proved that there are six eigenvalues of real sym-
metrical matrix [39], and the least corresponds to the
least eigenvalue; while the solution of is the eigenvector cor-
responding to the least eigenvalue of . Thus, we find
the solution to be the eigenvector of corresponding
to the least eigenvalue.

C. Improved Localization Algorithm

Through the experiments on the localization system, we
found that both above linear and nonlinear algorithm has its
drawbacks. The linear algorithm has faster speed but lower
accuracy, while the nonlinear algorithm has higher accuracy
but lower speed, and might fail to give globally correct solution
if the initial guess of the parameters are not properly selected.
We expected the algorithm can provide small localization error

, and the execution time
To address these problems, we propose a novel algorithm

combining the linear and nonlinear algorithms. There, the linear
algorithm is first used to find the localization and orientation pa-
rameters, and then the nonlinear algorithm is applied for further
computation by using the initial parameters obtained from the
linear algorithm. Since these initial parameters are very close
to those globally true position and orientation parameters, the
nonlinear algorithm can be easily convergent to correct solu-
tion. As a result, the average localization error reaches 1.8 mm

and the time consumed for computing one sam-
pling point is about 0.1 s (CPU:AMD athlon 2.4 GHz, memory:
1.5 GB), which lives up to our expectations.

D. Interface of the Real-Time Sensing System

To better observe the efficiency of the system, we design the
interface for the real-time tracking on the object’s position and
orientation. As shown in Fig. 10, the information includes the
3-D magnet’s position coordinates, three orientation parame-
ters, and 3-D and 2-D plots for tracing locus of the object.

E. Main Program Modules in the Real-Time Tracking System

We use Visual C++ for developing the software of the real-
time sensing system. The main modules include the following.

1) Initialization: When the system is started, initialization
is done including loading the sensor sensitivities and
positions, adjusting the sensor orientation, presetting the
timer, counter, ADC channel, and other preparations for
later operations.

2) Timer and main execution: Because the tracking must be
in real-time, the sensing system refreshes the measurement

Fig. 10. Interface for the real-time magnetic localization and orientation
system.

and display in a short duration (0.1–0.3 s). We use a timer
to control the time interval. Once when the timer is trigged,
the program will complete all the operations for calculation
and display again.

3) AD Conversion: For the ADC card, there is a special pro-
gram module that completes the required hardware setup
and declarations corresponding to a library file “usb7kC.
dll”. When the declarations are installed, the program can
realize AD sampling of the 192 (64 3-axis) sensors.

4) Algorithm realization: After the sensor sensitivity, posi-
tion, and direction are adjusted, we calculate the magnet
position and orientation parameters by the
linear algorithm. Then L-M method is applied by using
these parameters as the initial guess for the algorithm, and
more accurate and robust results are obtained.

5) Signal processing: The real-time signal processing is ap-
plied before and after exerting the localization algorithm.
In the former case, an optimal fitting method is applied on 8
(or 16) sensor data from each sensor channel; while in latter
case, it is applied to the localization and orientation pa-
rameters after eliminating ones with large
error. As a result, we observed that the signal stability is
much improved.

6) Other software modules: There are other program mod-
ules: the data display, 3-D and 2-D plots, matrix compu-
tation, data saving, sensor reset, and etc.

IV. CALIBRATION OF THE SENSOR ARRAY

In the real sensor array system, the sensitivity, position
and orientation of different sensors are not identical, so we
should calibrate these parameters of all sensors. Once when
these sensor parameters are correctly determined, we can apply

...
...

...
...

...
...
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some measures to achieve higher localization and orientation
accuracy.

In both system calibration procedure and localization error
evaluation, the true position and true orientation of the magnet
should be determined. We made some plastic planes to fix the
sensors and a test-shelf (in Fig. 2) is used for calibration which is
uniformly graduated in 5 mm. We place the magnet to the shelf
surface where the two scale marks intersect in some specific
orientations such as ,

, , and etc. Because
the length and radius of the cylindrical magnet are known, the
center of the magnet is determined consequently. Also, we use
Fastark (Polhemus Company, USA) as the reference instrument
(tracking accuracy: 0.77 mm), especially for the position and
orientation of the magnet in motion.

A. Sensitivity Calibration

1) Determining Sensitivity: For a 3-axis sensor, the inputs
are the three components of the magnetic signals along the three
orthogonal axes, which can be represented by (1). Let rep-
resent the sampled data of the axis sensor, we have

(9)

where is a equivalent sensitivity for the sampled sensor
signal (AD sampled value) with respect to that defined in
the parenthesis. Now, we need to determine sensitivity factor

through the calibration. To simplify the problem, we mea-
sure sensor output by moving the magnet along the sensor
axis on the plane in which and are equal to 0, such that

, and fixing the magnet’s orientation ,
then we have

(10)
During the calibration, we record the sensor output and

the displacement between magnet and sensor. For higher
accuracy, we expect as many samples as possible. As two or
more samples are presented, the sensitivity can be calculated by
averaging or fitting methods using following equation:

(11)

where is the number of the samples.
Table I shows the results with four Honeywell 3-axis sen-

sors using a cylindrical (Nd-Fe-B) magnet with size
. We observe that the values for different sensors

range from 0.598 to 0.660, and the deviation is about 10%.
2) Adjustment of the Sensitivity Nonlinearity: Nonlinearity

exists in the sensitivities of the (AMR) magnetic sensors, espe-
cially in the case of larger magnetic intensity. In addition, some
noises exist in the sample data, so there are differences between
the measured data and the calculated data as shown in Fig. 11. In

TABLE I
SENSITIVITY OF THE 3-AXIS SENSORS USING MAGNET NO. 3

Fig. 11. Sensitivity error.

the ideal condition, the sensor outputs (red dot) should be iden-
tical to those in the blue line. To further improve the accuracy,
we can add a step to adjust the sensitivity nonlinearity.

When sensors are fixed in the test-bed, we record their 3-D
positions and measure the sensor outputs via some pre-
selected magnet positions and orientations that can cover the
possible magnet movement range. Using these magnet positions
and orientations, as well as the sensor positions, we calculate the
sensor outputs according to (1). Now, we
need to adjust measured sensor data to best fit to calcu-
lated sensor data . Here, we assume a resultant function

to be

(12)

We also define the fitting error as

(13)

To minimize , we find the optimal parameters to be

(14)

Fig. 12 shows the fitting results. In this example, ,
. Obviously, the data after fitting is closer

to the calculated values.
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Fig. 12. Adjustment (fitting) results.

TABLE II
SENSOR POSITION ADJUSTMENT

B. Sensor Position Adjustment

Although the Honeywell 3-axis magnetic sensor HMC1043
has small size of , the deviation ex-
ists in the sensing central position. This deviation originates
from the unsymmetrical disposition error of the 3 sensors inside
the package. Besides, the deviation between the sensor center
and its coordinate exists because the sensor was fastened on the
plane manually. To improve the measurement accuracy, we need
to adjust the sensor positions. We define an error objective func-
tion to be

(15)

where is the measured sensor data, is a function of
sensor position parameter .

Now, we adjust the sensor position to minimize by L-M
algorithm. Table II shows an example for adjusting the positions
of sensor 1. The first column is the original sensor position.
The second, third, and fourth columns are the adjustment for
the position of the axis, axis, and axis of the sensor; while
the fifth column is the results for adjusting the central position of
the whole 3-axis senor, on which we minimize the error

. From the table, we observe that the deviations are
within several millimeters.

C. Adjustment of Sensor Orientation

One important factor that affects the measurement accuracy
is the sensor orientation error. We fix the sensor on the sensor
plane based on the observation on its shape and center. The true
orientation of a sensor corresponding to an axis ( axis, axis,
or axis) might not be exactly parallel to this axis, and it will
bring about errors in the magnetic intensities , , or .
To compensate this, we propose an adjustment method by vector
transformation using the data from the 3-axis sensor.

Let represent the measured data from an axis sensor.
The sensor’s orientation might not be consistent to the axis

Fig. 13. An example of sensor orientation adjustment: The left one is the plot
without adjustment, the right one shows the results with orientation adjustment.

of the coordinate system, so produces three projections to
the three axes of the coordinate system, and the three vector
components can be represented by

. Similarly, for and axis
sensor data and , there are also three projections

and
. There-

fore, the summation of the magnetic intensities along three
coordinate axes can be represented by

(16)

Therefore, for any 3-axis sensor, we can find a matrix to
change the sampled sensor data to those along the three coor-
dinate axes, such that the sensor orientation errors are compen-
sated. Fig. 13 shows an example of the sensor orientation ad-
justment. We observe that the results points (red “ ”) in the right
plot are more convergent to the ideal line (blue line).

One concern is whether the calibration procedure can be ap-
plied to the practical application, e.g., tracking the object in-
side the human body. Through the real experiments with ani-
mals (e.g., pig) and human bodies, we found that human body
has very little influence on the measurement of the static mag-
netic signal because the human body has very similar magnetic
permeability as the air. If the proposed calibration procedure
can provide the system with high accuracy, we can obtain high
tracking accuracy in the case of the human body. Therefore,
once when the system is well calibrated, we can expect it of
high performance and accuracy.

V. EXPERIMENTS AND RESULTS

We built the real-time cubic localization system and exam-
ined the system performance corresponding to the localiza-
tion and orientation accuracy, execution time, and tracking
robustness.

A. Accuracy via Sensor Number

Fig. 14 shows the average localization and orientation error
via sensor number, where all the sensors are on same plane. Here
the localization error is the difference of the calculated position
(three components) with respect to the predetermined position,
and the orientation error is the calculated orientation unit vector
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Fig. 14. Average localization error, orientation error, via sensor number.

Fig. 15. Localization error with 5, 10, and 15 sensors.

with respect to predetermined orientation unit vector. We ob-
serve that localization and orientation accuracy is greatly im-
proved with more sensors. Fig. 15 shows the localization errors
with 5, 10, 15 sensor array scheme, respectively. Obviously, the
errors in the case of 15 sensors (blue curve) are the smallest.

B. Localization and Orientation Accuracy of the Cubic Sensor
Array System

The localization and orientation accuracy of the cubic sensor
array system has been tested in different spatial positions under
some predetermined orientations, e.g., the orientation vector (1
0 0), (0.707 0.707 0), (0 1 0), (0 0, 1), etc. Figs. 16 and 17 show
the localization and orientation errors via 100 samples which
were taken on the condition that the cylindrical (Nd-Fe-B)
magnet moves inside the sensor array.
We observe that almost all the samples have the localization
accuracy within 5 mm (97% samples with accuracy better
than 4.0 mm) and orientation accuracy within 4 . The average
localization error is 1.8 mm and average orientation error is
1.54 ). Compared with the results in [10], the localization error
is decreased by about 3 mm. The trace of magnetically marked
capsule was found to deviate by about 8 mm from the original
pathway at capsule to sensor distances up to 250 mm [38]. In
comparison with that, the location error is decreased by 6 mm;
furthermore, the area within which the magnet moves is in
3-D. Fig. 18 shows the results for localization errors before and
after the calibration, and we observe that the average error is

Fig. 16. Localization error via 100 samples (97% samples with error� ���,
average accuracy: 1.8 mm).

Fig. 17. Orientation error via 100 samples (96% samples with error � � ,
Average orientation accuracy: 1.62 ).

Fig. 18. Localization error (average error before calibration: 3.64 mm; average
error after calibration: 1.8 mm).

decreased from 3.64 to 1.8 mm. Table III shows the average
localization and orientation errors by the linear algorithm and
nonlinear algorithm. We observe that the accuracy is improved
by the nonlinear algorithm whose initial guessed parameters
are from the results of the linear algorithm.
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TABLE III
AVERAGE LOCALIZATION AND ORIENTATION ERRORS

Fig. 19. Resultant 3-D and 2-D positions in different magnet’s orientations:
blue dots (“ ”): the true magnet’s positions; red stars (“ ”): in orientation �� �
�� � � � � ��; green pluses (“�”): in �� � ������� � �������� � ��.
(a) 3-D plot. (b) 2-D plot.

Fig. 19 shows the 3-D and 2-D ( and coordinates) plots
in the different magnet’s orientations: ,

. We observe that all the
points are close to the true positions with small error.

C. Tracking Properties

Fig. 20 shows the results of the real-time tracking for the
system to trace the magnet moving along a specific loop and
a plastic circular tube with diameter about 240 mm. The tracing
line consist of discrete points. Because of the mall location error

, we can observe that the tracing lines are smooth
when the magnet moves inside the area of the sensor array at
the rate of 1 cm/s. Because the calculation and display of the

Fig. 20. Three-dimensional and two-dimensional locus (red color) for tracking
a circular tube.

Fig. 21. Influences of different medium materials: In localization errors.

tracing locus follow the signal sampling, the delay is inevitable.
In order to avoid the loss of the sampling data and let the calcu-
lation speed match the data sampling speed, we design a queue
for the sensor data buffering. During the tracing process, the dis-
play lags 5 points (about 0.5 s) of the current position. Because
the time calculating one point by LM is about 0.1 s, this delay
is acceptable.

D. Influences of the Medium Materials

One concern in the magnetic localization and orientation
system is the influences of the human body and the surrounding
objects on the sensing system. Therefore, we investigate the
influences of different materials by putting them in between
the magnet and the sensor array. Fig. 21 shows the localization
accuracy under different materials. For most nonferromagnetic
materials, the influence is minor. As shown in the figure, adding
some nonferromagnetic material, e.g., human body, books,
copper and aluminum plate does not change the results. How-
ever, when there is ferromagnetic material, even a small steel
bar, the localization will fail. Because the human body have no
influence on the system accuracy, if we build the system only
with nonferromagnetic material, and avoid any ferromagnetic
material around the sensing system, we can apply this system to
medical examination in real body and get satisfactory accuracy
and performance.
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TABLE IV
MINIMUM AND MAXIMUM POSITION ERRORS

VI. CONCLUSION

A real-time cubic magnetic sensor array has been built for
tracking a permanent magnet. The system is made of the Hon-
eywell AMR 3-axis sensors, HMC1043s, precision amplifiers,
ADCs, and the computer. Based on the calibrations applied for
the sensor sensitivity, position, and orientation, the software
(using Visual ++) completes the signal processing and all the re-
quired operations on the sensing data, and compute the magnet
6-D position and orientation parameters via appropriate algo-
rithm. Then, the tracing results are displayed in 3-D and 2-D
plots via a computer GUI interface.

Finally, the tracking performance is evaluated by moving the
magnet in the possible positions and orientations, e.g., some fixed
points inside the sensor array, some specific spatial lines, or the
circular locus. From the experiments, we observe that satisfac-
tory performance is obtained with the average localization error
1.8 mm and average orientation error 1.6 when the magnet’s
movement within the area of the sensor array. Comparing with
other systems [4], [14], [38], we show the results in Table IV.
Obviously, our system has better accuracy. Nevertheless, our
system has much more movement space than other systems.

In the near future, we will apply this magnetic localization
and orientation system to the medical examinations in real
human bodies.
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