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Abstract - In this paper, we propose a non-invasive tracking
method, which has the potential to be used for localization of the
capsule endoscope. The tracking system consists of a magnetic
marker, a sensor array, amplifiers, data acquisition devices and
a signal processing unit. The marker is modeled as a magnetic
dipole to simplify the theoretical expression of the magnetic field
distribution. By minimizing the squared error of the field values
between the calculation and measurements using
Levenberg-Marquardt optimization method, the 5 localization
parameters of the dipole can be determined. Real time
experiments were carried out to test the feasibility of the method.
It is demonstrated that, the accuracy of the localization is related
to the number of sensors. For the sensor array including 16
3-axis magnetoresistive sensors, the average position error is
3.3mm and the average orientation error is about 3°, when the
magnetic marker is 100mm above the sensor array plane.

1. INTRODUCTION

Wireless capsule endoscope [1] is a great advancement in
the history of endoscopy. It gets rid of the tedious and

cumbersome insertion procedures of the traditional
endoscope, reduces the patients’ pain and allows the
examination of the whole small intestine. However, because
of the passive locomotion pattern, it takes a long time (20-36
hours) for the capsule to go through the gastrointestinal (GI)
tract, thus makes a real-time examination impossible. To
facilitate the diagnosis and make a base for a wireless guiding
system, it’s necessary to know the exact position and
orientation of the capsule.

M2A endoscopic system [1] includes a localization
module, which is based on the strength of the RF (radio
frequency) signals received by the 8 antennas on the exterior
of the human abdomen. The average error of this method is
about 37.7mm [2], which is not accurate enough for this
application. Some image methods, such as CT scan,
Ultrasound, MRI, etc., can fulfill the requirement, but these
devices are stationary and expensive.

Magnetic field is useful to detect hidden objects and
provide low cost system, comparing with image system [3, 4,
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5]. It marks not only the 3-D position of the magnetic source,
but also the orientation. For human body related localization,
permanent magnets are preferred to electromagnetic field,
because they are easy to get, convenient to integrate and most
importantly, non-invasive. The magnetic localization method
had once been employed for monitoring the GI mobility [6-8]
and studying the jaw movement [9, 10]. In the previous work
[11,12], we’ve enclosed a cylindrical magnet into a capsule
and carried out experiments to test the magnetic motion
capture method for capsule tracking. In this paper, the dipole
model of the magnetic marker is studied to investigate the
error of the method. A real-time localization system, which is
based on a combination of the magnetic field measurement
and signal-processing technique, is developed and tested.
The paper is organized as following: section II is
modeling of the magnetic marker as a dipole; section III
introduces the magnetically tracking method; the real-time
tracking system and experimental results are depicted in
section IV, which is followed by the conclusions in section V.

II. MODELING OF MAGNETIC MARKER

Assume the cylindrical magnetic marker enclosed in the
capsule has a diameter of R and a length of 2L, and the
magnetization of the magnet is A/ , then the magnetic moment
is the integration of As over of the volume of the marker V-

P, = [MdV =27R°LM - (1)
14

As there’s no intrinsical difference between the field
generated by a magnet and by a current, we replace the magnet
with two identical circular currents to calculate the magnetic
field distribution of the marker, which are separated for a
distance of 2L . The permeability of human body is very close
to that of the air, so we neglect its influence on the static
magnetic field. According to Biot-Savart law, the magnetic
field of a current element is calculated by:

_ M ld1xa
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where dl is infinitesimal length of conductor carrying

electric current /, ais the vector pointing from the short

segment of current to the observation point, and 4, is the

permeability of air.

As shown in Fig. 1, the magnet is orientated along Z- axis;
P(r,sin 6, cos ¢,, 1, sin @, sin ¢, 7, cos §,) is an arbitrary point
in coordinate X;-Y;-Z. For the upper circular current, we have

dl, = (—Rsin pd @, R cos pdp,0) 3)
a, = (1, siné, cos@, — Rcos @, siné, cosp, — Rsing, 7 cosd,) (4)
then
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according to equation (8):

equation (7) can be extended
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Omit the high-order items, and equation (7) is turned into:
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Fig. 1 The permanent magnet oriented along Z-axis is replaced by two
circular currents for calculation of the magnetic field at P.
The magnetic flux density B, can be decomposed
asB, =B, i+ B, j+B k- Substitute (5) and (9) into (2) and
integrate the current elements, we get the three components:

34y BJ2 1" 5in 26, cos @,
87 (JRZ 417y (RP+1)
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_3u, P,/2  r’sin2fsing,
T8t (R ety (RP4R)
g -t P /2 _}rlzsinzﬁl)
TRty 2R

Using similar method, we can get the magnetic field of
the lower circular current B, =B,i+B,j+B.k- The total

magnetic field is superposition of the upper and lower ones:

B=(B,+B,)i+(B,+B8,)j+(B,+B,k, (1)

_3u,P,

m

/2 1’ sin26,cosp, 1, sin26,cosp,
(R2+r12)5/2 (R2+r22)5/2
B :3y0Pm/2 7, sin 26, sin @, +rzzsin26?2 singpz]
¥y 8” (RZ +r12)5/2 (RZ +r22)5/2
B - 1P, /2(2(R2 +1,7)=3r"sin?6, . 2(R*+r,)-3r,sin? 6,

o 2R +17) 2R+’
(12)

From Fig. 1, we have the following geometrical relationships:
rcos@, =rcos@, +L=r,cos6,-L

B

X

SO 87

]

rsinf, =rsinf, =r,sinb,
r’ =1 +r*=2Lrcos6,
r,' =L +r* +2Lrcosé,
P =P =P,
Substitute equation (13) into (12); replace the parameters
with 7,6,, ¢, , which express the position of P in O-X-Y-Z

(13)

coordinate system; and take advantage of the formula depicted
in equation (8). When 2 > 12 + R?, i.e., point P is far away

from the magnetic source, the field components can be
simplified as equation (14):

B - 3u,P, sinf,cosb, cos g,
’ A

B - 3u,P, sin@, cosd,sing, (14)
g 4

P .
B, :'Z‘)T';(Z—%mZ 0,)

which is the same as the field of a dipole with magnetic
moment p , located at position O and oriented along Z- axis.

For example, aty > 20L , the error is within 5%.

III. MAGNETICALLY TRACKING METHOD

Tracking of the marker is an inverse magnetic problem,
in which the position and orientation of the marker are
calculated based on the known distribution of the magnetic
field. As shown in Fig. 2, the marker, which is modeled as a
magnetic dipole, is located at an unknown position
(X9 ¥y 2,) » With the unknown orientation angles (6, ¢) ; the
N magnetic sensors, which are used to measure the magnetic
field, are located at known position (x,, y,, z,) (i=I to N). The
magnetic flux density around an arbitrary oriented dipole is
expressed by equation (15):

B:ﬂ(_Piran+3(Pm r)r
dr  r

o), (15)
.

where P is the magnetic moment vector of the dipole,
and I is the spatial vector pointing from the dipole to the
calculated point. As shown in Fig. 2, P, canbe written in the
following form:

(16)
in which p, is the length of P . And the spatial vector of the

P, = p, (sinfcosgi + sin dsin gj + cos k) »

i sensor is:
T, =0 = x)i+ (v, = y)i+(z, — 2k (=T o N). (17)
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Substitute (16) and (17) into equation (15) and expand

equation (15), we can express the three components of the

magnetic field at the position of the i* sensor by equation (18):
P

B, =L M 20— x)’ = (0 3) = (2 - 2]

3My(x[ =X )Y = Yo) +3M (x; = x,)(2, — 2,)} _(18)
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Fig.2 A magnet marker enclosed in the capsule, which is modeled as a dipole,
moves in the coordinate of the sensor array.

The actual magnetic field components are measured by
B ..and B__. (i=I to

mzi
N). The position and orientation of dipole can be obtained by
minimizing the squared error between the values of

the sensors, which are noted as B

mxi® = myi?®

calculation B, l(l) and measurements 5 ,Sf )

N
. i (i)y2
min Y (B -B,")

i=1

(19)

The magnetic moment P can be pre-determined

according to equation (1), so formula (19) consists of 5
unknown parameters x,, y,,z,,6,¢ . This problem can be

solved by non-linear optimization algorithms, such as
Powell’s, downhill, DIRECT, multilevel coordinate search
(MCS), and Levenberg-Marquardt (LM) algorithms. We find
that LM algorithm is most suitable for our application [11]
because of its high accuracy and non-sensitivity to the initial
guess parameters.

IV. EXPERIMENTS AND RESULTS

Based on the tracking method introduced in section 111,
we implement a real time localization system. As shown in the
block diagram of Fig.3, the system consists of a sensor array,

amplifiers (AD 623), a control circuit, a 16-channel USB
based ADC (ZTIC-USB-7130, Beijing Zhongtai R&D
limited), power supply and a computer (PI[-233MHz). The
pictures in Fig. 4 show a picture of the experimental setup.
The sensors used in the system are Honeywell HMC1053
magneto-resistive sensors, each of which has three
Wheatstone bridge elements to measure magnetic fields for
both field strength and direction. The measurement range is
+6 Gauss with a resolution of 100pGauss. In addition to the
bridge elements, this kind of sensors has two types of on-chip
magnetically coupled straps: the offset strap, which allows for
subtraction of an unwanted external magnetic field and nulling
of the bridge offset voltage; and the set/reset strap, which is
for incident field adjustment and magnetic domain alignment.
The sensor array is composed of 16 3-axis magnetoresistive
sensors, with an orthogonal distance of 75mm between every
two adjacent ones. The coordinate system is the same as the
one shown in Fig. 2.
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Fig. 3 Block diagram of experimental setup

The experiments were carried out in an unshielded room.
The influence of the earth field is eliminated by using the
offset strap. The magnetic marker used in this study was a
@ 6X12mm cylindrical Nd-Fe-B permanent magnet. First,
we fixed the magnet at a randomly selected position (-77.5mm,
49mm, 107.8mm) and orientation (0, 1, 0), and tested the
localization accuracy with different number of sensors. As can
be seen from Fig.5, when the measurement number is less than
8, the error is over 10mm, and the results are not satisfying.
When the measurement number increases, the error decreases
accordingly. After the measurement number reaches 15, the
average error is stable at about 4mm and the average
orientation error does not exceed 5%. Then we tested the 16-
sensor system with different pre-determined orientations of
the marker in a cuboid space (-120mm, -120mm to 120,
120mm with a height of 100mm above the sensor array). The
average position error is 3.3mm (max 10mm), and average
orientation error is about 3° (max 5.7°).

As it’s hard to measure the exact orientation of an
arbitrary oriented magnet in a 3D space for comparison of the
tracking results, we shaped the trajectory of the magnet by
making it move in a plastic tube with a diameter of about
240mm, as shown in Fig. 6 (al). The tube was placed above
the sensor array with an average height of about 98mm. As can
be seen from Fig. 6(a2), the tracking results exhibit the shape
of the tube exactly. Then the magnet was placed 94mm above
the sensor array and moved along straight lines. As shown in
Fig. 6(b), the position results are satisfying within the sensor
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area, while the error is getting larger beyond the area. It’s
obvious that the tracking lines outside the blue square are not
as straight as those inside.

In this system, the tracking accuracy is improved by
averaging the position and orientation of 100 samples. The
execution time for a single point is 0.2-0.3s. When the moving
speed of the magnetic marker is fast, the tracking results may
become scattered points instead of continuous lines. For the
capsule endoscope driven by natural peristalsis at a speed of
0.5mm/s, the response time of the system is short enough to
make a real-time localization.

V. CONCLUSIONS

In this paper, a tracking method with 5 unknown
parameters has been analyzed and implemented. The tracking
system consists of a magnetic marker, 16 3-axis
magnetoresistive sensors, data acquisition devices and a
signal processing unit. The experiments were carried out in an
unshielded environment. The results show that the system is
robust and accurate when the magnet is moving within the
range of the sensor array. Tracking with 16 sensors, the
average position error is lower than 4mm, and the orientation
error is within 5.7° when the marker is 100mm above the
sensor array.

As the magnetic marker is very small, it can be enclosed
into the capsule endoscope. The real-time system has great
potential to be used for tracking the capsule during the
procedure of capsule endoscopy.
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