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In this paper, a position and orientation detection method for the capsule endoscopes devised to move through the
human digestive organs in spiral motion, is introduced. The capsule is equipped with internal magnets and flexible
threads on their outer shell. It is forced to rotate by an external rotating magnetic field that produces a spiral
motion. As the external magnetic field is generated by rotating a permanent magnet, the 3-axes Cartesian
coordinate position and 3-axes orientation of the capsule endoscopes can be measured by using only 3 hall-effect
sensors orthogonally installed inside the capsule. However, in this study, an additional hall-effect sensor is
employed along the rotating axis at a symmetrical position inside the capsule body to enhance measurement
accuracy. In this way, the largest position detection error appearing along the rotating axis of the permanent
magnet could be reduced to less than 15mm, when the relative position of the capsule endoscope to the permanent
magnet is changed from Omm to 50mm in the X-direction, from -50mm to +50mm in the Y-direction and from
200mm to 300mm in the Z-direction. The maximum error of the orientation detection appearing in the pitching

direction ranged between -4° and +15°.

NOMENCLATURE

B,, = magnetic flux density of permanent magnet

By, By, B;= orthogonal components of B,,

B, = residual induction

6 = rotational angle of permanent magnet

E = error equation for detecting minimum in error contours
Xp, Vp» Zp = position of capsule endoscope

a, B, y=rotational angles of capsule endoscope

RyxyAy, B, @) = rotation matrix for capsule orientation

1. Introduction

A commercial capsule endoscope can transmit video images of
the internal walls of a digestive system to a receiver outside the
human body while moving by peristalsis. The passively moving
capsule endoscope makes it difficult to observe a specific part
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because of its inability to move or stop intentionally for a prolonged
diagnosis. Hence, many research institutions and industries around
the world have embarked on the effort to develop active locomotion,
of which remotely maneuvering the capsule endoscope using an
external magnetic force without any integrated actuators, is one of
the locomotive technologies.

Some of the preceding researches that have used magnetic force
to move a capsule, have focused on fabricating a spiral shaped
structure on the exterior of the capsule and on producing a
rotational motion of the capsule endoscope that is equipped with a
diametrically magnetized permanent magnet aligning itself with a
rotating magnetic field induced by an AC electromagnet.”* In this
case, much effort should be applied to implement the AC
electromagnet which can arbitrarily change the orientation of the
rotating magnetic field projected on the capsule endoscope inside
the human body. Therefore, its size must be large enough to
surround the human body like an MRI.

In order to produce a desired forward or backward movement of
the capsule by spiral motion, it is necessary to know the position
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and orientation of the capsule endoscope, in terms of a reference
coordinate system. This can be implemented e.g. by detecting the
magnetic field induced by the magnet inside the capsule, where its
mathematical model is used to deduce the capsule position from the

detector signal. In several research works,*®

multiple hall-effect
sensors arranged in a 2-D array were used to track 3-D position of a
permanent magnet as location marker, which may be applied to
detect the capsule position. On the contrary, in another works, an
induction coil installed inside the capsule, was used to detect the
magnetic field induced by external excitation coils at reference
position.”!°

In this paper, we discuss the real-time position and orientation
detection algorithm for a remote motion control system which
employs a rotating permanent magnet instead of a large tri-axial AC
electromagnet, in order to reduce the overall cost and improve the
manipulability.!" Since the rotating external permanent magnet
outside the human body is located only at a distance of 100mm to
200mm from the capsule, its volume to induce the magnetic torque
for rotating the capsule can be significantly reduced. In order to
change the location of the external permanent magnet a multi-DOF
manipulator is used, where the position data of the capsule must be
also provided.

This paper introduces a new position detection algorithm which
is specially tailored to measure the position and orientation of the
capsule which is simultaneously rotating with an external
permanent magnet in order to produce the spiral motion. The
capsule is equipped with miniature hall-effect sensors that are
orthogonally installed inside the capsule to measure the Cartesian
components of the magnetic flux density vector acting on the
capsule. Since only four magnetic field sensors are used, as
depicted below, the additional power supply and the installation
space for the sensors could be resolved without any significant
increase in the capsule size. The great advantage is that the position
detection system can be easily added on the capsule motion control

system employing the rotating permanent magnet.

2. Spiral Motion Device and Configuration of the Position
Detection System

The rotary motion of the capsule is generated by the attractive
and repulsive forces between the magnets inside and outside the
capsule as depicted in Fig. 1(a). The blades on the surface depicted
in Fig. 1(b) change to threads when the capsule is rotated by the
magnetic field. These threads will move the capsule forward due to
the thrust produced by spiral motion. Fig. 1(c) shows the capsule
endoscope incorporated with an image sensor, wireless transmitter,
battery, diametrically magnetized permanent magnets and hall-
effect sensor module.

Fig. 1(d) shows the hall-effect sensor module that measures the
orthogonal components By, By, B of the magnetic flux density B,
acting on the capsule. In the X -coordinate, two sensors are installed
symmetrically to the Y.-Z, plane, in order to compensate the offset

effect directly. In this way, the position detection errors can be
significantly reduced from the results which could be obtained with
only one sensor in each coordinate.'> However, along the Y- and
Z.-coordinates only one sensor each is mounted, at an offset.
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endoscope

Gl tract

(a) Rotary motion induction (b) Threads on capsule body

Image  Magnetic
sensor  flux density
and sensor
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(c) Internal components (d) Hall-effect sensor module

Fig. 1 Configuration of capsule position detection system

3. Position and Orientation Detection using Hall-Effect
Sensors

An induced magnetic flux density or a magnetic field intensity
acting on an arbitrary point around a permanent magnet can be
mathematically defined. If the magnetic flux density is measured at
an arbitrary point where the capsule is, then the relative position
and orientation of the capsule from the external permanent magnet
can be estimated using the mathematical model of magnetic flux
density.

Fig. 2 Flux lines of rectangular parallelepiped permanent magnet
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In this study, a rectangular parallelepiped permanent magnet of
width b, length d and height h was used as shown in Fig. 2, in order
to rotate the capsule and detect its position. At any spatial point P(x;,
Vp» Zp), the magnetic flux density components By, By, Bz and the
scalar magnitude of B, can be expressed in terms of the size of the
permanent magnet, a residual induction and a given position outside
the magnet as the following."

\/(d 2y, +(b-2x,) +(h—2z,) +(d~2y,)
\/(d+2yp) +(b-2x,)* +(h—22,)* —(d+2y,)
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If the capsule is in a stationary magnetic field depicted in Fig. 3,
its 3-D position data on a toroidal magnetic flux line of constant B,
cannot be determined by measuring B,, only once. Therefore, the
magnetic field configuration should be changed to get necessary
conditions for solving the above equations. For example, the
permanent magnet was translated between two positions in a

previous study to get B,, data at different positions of the magnet.'*
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Fig. 3 Equivalent flux density lines of rectangular parallelepiped

permanent magnet

In this study, the permanent magnet is rotated along the X-axis
so that B,, at a particular point is varied periodically, as depicted in
Fig. 4(c). B, reaches its maximum value when the capsule lies in
the X;-Z; plane, and reaches its minimum value in the X,-Y, plane.

Z
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Fig. 4 Periodic change of flux density as function of rotation angle

As shown in Fig. 4(a), when the magnetic flux density B,, is
maximum value at rotational angle 0;, the capsule position y,,; and
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the magnetic flux density B,; on the Y-coordinate are zero. The
magnetic flux density B, at P(x,;, ¥p1, Zp1) can be represented by
substituting y,; = 0 in eq. (1)~(4). That is,

Bml = \/Bxl(xp]’o’zpl)z + B:l(x

pl>

0,z,)’ )

Also, in Fig. 4(b), when the magnetic flux density B, is
minimum value at rotational angle 6,, the capsule position z,, and
the magnetic flux density B,, on the Z-coordinate are zero. The
magnetic flux density B, at P(xy, ¥y, Zp2) can be represented by
substituting z,, = 0 in eq. (1)~(4). That is,

By = \Biy(3,0.7,2:0)" + B, (X,.7,,.0)’ ©)

zp1 in eq. (5) and yy in eq. (6) are the same magnitude and x,,; in
€q. (5) and x,; in eq. (6) are the same variables because X;-Z; plane
and X>-Y; plane are the same, and 6, and 6, being £90°apart. For
this reason, the unknowns, x,,; and z,;, can be obtained using eq. (5)
and eq. (6). The x,,; and z,; on the X,-¥,-Z; coordinate are rotated by
6, with respect to X-axis of X-Y-Z coordinate. Therefore, the
transformation of x,; and z,; into X-Y-Z coordinate can be expressed

as
X, =X,
Y, =z2,sin6, @
z,=2z,c086

To determine x,; and z, using eq.s (5) and (6), the error
equation is defined as

E=\((B,), ~(B,).) +((B,,), ~ (B,,).) ®)

where

(Bn)m> (Buo)m = measured maximum and minimum magnetic flux
density, respectively

(Bin1)es (Bup)e = calculated maximum and minimum magnetic flux

density, respectively

The orthogonal components of B,,; and B,, in eq. (8) can be
measured from the hall-effect sensor module. Since the hall-effect
sensors cannot be orthogonally mounted at the origin of X.-Y.-Z,
coordinate, they are placed at an offset as shown in Fig. 1(d). In
order to irradiate the offset, a hall-effect sensor is placed
symmetrically along the X -axis and the mean value is used. With
regard to Y- and Z-axis, however, yp1"=Vpi?VofserVoriset and
Zp
Y2
zZyp in eq. (6), while calculating (B,;). and (B,p). using the

"=zp1tZoer are substituted for y,; and z, in eq. (5) and

Voo Voftset AN Zpy ' =ZpotZogrse™Zofiser are substituted for y,, and

mathematical magnetic flux density model. In this research, e
and z,p are 4mm and 3mm, respectively.

The error contour map expressing eq. (8) in terms of x,,; and z,
is shown in Fig. 5. The closed surfaces on the map make sure that
any solution converges to a minimum value. In this paper, the
Conjugate Gradient Method was applied to find a solution. It is to
be noted that the error contour is widened along the Xj,-axis. For
this reason, two hall-effect sensors were used along the X -axis to

B
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A=} === 22 g /183_6?
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Fig. 5 Error contours

directly detect the magnetic flux density component at the origin of
X.-Y-Z. coordinate as described above, where the offset effect was
canceled by averaging their output signals. As a result, the x-
position error was reduced compared to the previous research,'
where only one sensor was used on the X.-axis. However there were
no changes in the error reduction in the y- and z-position errors
when two sensors were used along the Y- and Z-axis respectively.

When the capsule is rotating with respect to the X-, Y- and Z-
axis, the orthogonal components, By, By and Bz are changing. So
the transformation for the capsule orientation can be expressed as
shown in eq. (9) using the X-Y-Z fixed angle."

©

B, B,
B;' =Ry, (7, 8,a)| By
B, B,

where [By, By, B;]" is the calculated orthogonal components of B,,
at the measured capsule position when the rotational angles of the
capsule, &, f, ¥ at this position are considered to be zero, [By', By,
By 1" is the measured orthogonal components from each of the hall-
effect sensors while the capsule is being rotated, and RyyAy, S, @) is
the rotation matrix expressed in the X-Y-Z fixed angle method. The
rotation angles ¢, f, yare shown in Fig. 6.

Fig. 6 3-axes rotation expressed by X-1-Z fixed angle

4. Experimental Setup

The experimental apparatus consists of a magnetic field
generating permanent magnet, an electrical motor that rotates the
permanent magnet with respect to the X-axis and the multi-DOF
planar robot that moves the permanent magnet as desired(Fig. 7).
The parallelepiped permanent magnet is made of NdFeB with a
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residual induction of 1.42T. In order to produce a uniform magnetic
field, five rectangular magnets (120°<120><30[mm]) and two
rectangular magnets (80><80><20[mm]) were separately magnetized
and put together as shown in Fig. 8.

The apparatus also consists of a capsule that is specially
designed for this experimental purpose, a 3-axis gimbal for holding
the capsule, and a computation unit that detects the capsule position
from the measured magnetic flux density and the rotation angle of
the external permanent magnet. Inside the capsule there were
installed a hall-effect sensor module and two disk-type permanent
magnets measuring 2mm in thickness and 9mm in the diameter. The
hall-effect sensor module consists of four sensors made by Allegro
Microsystem, Inc. with a sensing range of £1200 Gauss(Model no.
A1391). Fig. 9 shows the hall-effect sensors mounted on a flexible
PCB and the sensor module assembly.

Fig. 10 shows the gimbal that helps the capsule perform a roll
motion with fixed pitch and yaw angles at one position under the
influence of the rotating external permanent magnet. In the
experiment, the gimbal was located at a specific point on the X-Y
plane and the relative position of the external permanent magnet
was changed using the manipulator.
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Rotary actuator
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2 oo--command__

Permanent
magnet

Capsule  Hall sensor module

6  By,By, B
v ¥
Personal
computer

v

3-D Capsule position and orientation
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Fig. 7 Experimental setup
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T

Fig. 8 Permanent magnet and hall-effect sensor module

(a) Hall-effect sensors on flexible  (b) Hall-effect sensor module
PCB assembly

Fig. 9 Hall-effect sensor module

Capsule Bearing
pitch
Permanent . Sensor
module

magnet

Fig. 10 Capsule body mounted on gimbal

5. Experimental Results

The experiment was carried out from Omm to 50mm in the X-
direction, from -50mm to +50mm in the Y-direction and from
200mm to 300mm in the Z-direction. Shown in Fig. 11 is the grid,
the points on which the measurements were taken. The capsule was
placed on the point 13 as the origin of the coordinates. 10
measurements were taken at each point on the X-Y grid, at 200, 250
and 300mm along the Z-axis, while the permanent magnet was
rotated and moved along the gird by the manipulator.

Fig. 12 shows the output signals from the hall-effect sensors
when the magnet was at P(30,0,250), as an example. B, and éx
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Fig. 11 Target positions for position detection
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denote the magnetic flux densities measured by the two sensors that
are installed symmetrically to the Y,-Z. plane, respectively. Because
of the offset effect there is a slight difference in their magnitudes. In
order to cancel the offset effect directly, their mean value was used
in this study, as mentioned above.
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Fig. 12 Output signals from hall-effect sensors
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Fig. 13 Position errors in the X-Y plane with Z-coordinate changed

In Fig. 13, the average x-, y- and z-position error measured at
each point in the X-Y plane are depicted, while Z-coordinate was
changed. It was observed that the x-position error ranged between
+2mm and +15mm, the y-position error between -9mm and +12mm,
and the z-position error between -10mm and +3mm. The x-position
error was greater than the y- and z-position error because, when the
CGM calculates its way towards the real minimum value on the
contour map, it is possible that it could converge at point around the
real minimum value. As seen in the Fig. 5, the error contours are
very broad on the X,;-axis.

Fig. 14 shows the repetitive measurements of the capsule
orientation, at position P(0, 0, 250) with 10°, 20°, 30° pitch angles
and 20°, 30° yaw angles. Since the capsule rolls as the permanent
magnet rotates, the roll angle has been ignored. The pitch error was
between -2° and +13°, and yaw error between -4° and +11°. At

different capsule positions the errors did not exceed these ranges.
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Fig. 14 Orientation errors with pitch and yaw angles changed

As the experimental conditions are identical when the test was
carried out from Omm to -50mm in the X-direction, the above
evaluation of the measurement errors can be extended from -50mm
to +50mm along with the X-coordinate. If we compensate the
offsets in the error ranges, the position errors will be less than
+10mm in each coordinate and the orientation errors less than +8°
in the yaw- and pitch direction. Considering the capsule length
(25mm), the capsule position error is acceptable. However, the
orientation error needs to be reduced in order to precisely detect and

manipulate the thrust direction of the spiral motion caused by
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rotating capsule. Since the capsule orientation depends on the
capsule position, the position error must be further reduced.

In this research, we could confirm the possibility of improving
the position and orientation detection accuracy by arranging hall-
effect sensors in different configuration.

6. Conclusion

This paper presents a position and orientation detection
algorithm while the capsule is performing a helical motion in a
rotational magnetic flux field. The position and orientation of the
capsule can be detected in real-time using four hall-effect sensors
inside the capsule. When the relative position of the capsule to the
permanent magnet is changed from Omm and +50mm in the X-
direction, from -50mm and +50mm in the Y-direction and from
200mm and 300mm in the Z-direction, the position errors ranged
from +2mm to +15mm, from -9mm to +12mm, and from -10mm to
+3mm along the X-, Y-, and Z-axis, respectively. The pitch error
was between -2° and +13°, and yaw error between -4° and +11°.

The minimum capsule size being 25mm, the maximum position
error was acceptable. However, the orientation error should be
reduced. In future works, we need to either modify the
mathematical model or magnetize the permanent magnet more
uniformly so that the deviation of the mathematical model from the
actual magnetic field can be reduced.

In addition to it, the proposed position and orientation detection
algorithm with hall-effect sensors will be loaded on a wireless

capsule and verified in the in-vivo tests.
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