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Real-Time Pose Detection for Magnetic Medical Devices
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Magnetic coupling is one of the few physical phenomena capable of transmitting motion across a physical barrier. In gastrointestinal
endoscopy, remote magnetic manipulation has the potential to make screening less invasive and more acceptable, thus saving lives by
early diagnoses and treatment. Closed-loop control of the magnetic device position is crucial for a safe and reliable operation. In order to
implement closed-loop control, the pose (position and orientation) of the device must be available in real-time. This becomes challenging
if magnetic coupling is achieved by permanent magnets, since the strong magnetic field required for manipulation interferes with current
localization techniques. In this work, we present a novel real-time pose detection strategy that is compatible with magnetic manipulation
based on permanent magnets. The localization algorithm combines multiple sensor readings with a pre-calculated magnetic field map.
The proposed approach is able to provide an average error below 5 mm in position detection, and below 19° for angular motion within

a spherical workspace of 15 c¢m in radius.

Index Terms—Biomedical equipment, gastrointestinal endoscopy, magnetic medical devices, pose detection, wireless capsule

endoscopy.

I. INTRODUCTION

HE gastrointestinal (GI) tract is home to some of the most

deadly human diseases. Today, flexible endoscopy allows
for effective diagnosis and treatment through its different dis-
tricts. However, this technique is not well perceived by patients
due to the pain associated with the procedure and the frequent
need for sedation. A more acceptable technique is wireless cap-
sule endoscopy (WCE), introduced for the first time in 2000
and considered today the gold standard for diagnosis of small
intestine diseases [1]. WCE entails the ingestion of a minia-
ture pill-size camera that moves passively through the diges-
tive system and enables visualization of the bowel without the
need for intubation, insufflation, or sedation, thus offering an
appealing alternative to flexible endoscopy.

Remote manipulation of capsule endoscopes has the poten-
tial to extend the reach of WCE to other GI districts, allowing
the physician to have direct control of the camera viewpoint [1].
Among the different approaches proposed to achieve active lo-
comotion, the use of magnetic fields to control the capsule pose
(i.e., position and orientation) has the advantage of preventing
the need for onboard actuators, dedicated mechanisms, and en-
ergy. This approach is currently being pursued by the major
commercial players in the field of GI endoscopy (i.e., Olympus
and Siemens in [2] and Given Imaging in [3]) and by several
research group worldwide [1], [4]-[8]. To achieve closed-loop
control, the pose of the remote device must be determined in
real-time and used in conjunction with the desired location or
direction of motion specified by the user. Most of the localiza-
tion techniques developed to date—mainly designed to track the
capsule endoscope as it passively travels in the GI tract—are not
compatible with magnetic manipulation due to electromagnetic
interference [7]. A high-frequency alternating magnetic field,
generated by pairs of Cartesian coils, can be used in conjunc-
tion with a resonating coil [9] or Hall Effect sensors [10] em-
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bedded in the capsule for localization during magnetic manipu-
lation. This approach can provide sub-millimeter resolution, but
is limited to three degrees of freedom (DOF).

A different strategy to achieve magnetic coupling is based
on permanent magnets [4], [11], [12]. Compared to coils, per-
manent magnets can generate higher fields in a smaller form
factor. In this case, the capsule can be localized by measuring
the magnetic field generated by the external permanent magnet
(EPM) at the capsule, taking advantage of onboard sensors. This
approach is adopted in [12] to achieve capsule localization in
5 DOF with an accuracy of 15 mm. Inertial sensing is used in
conjunction with Hall effect sensors to localize an endoscopic
capsule driven by a robotic EPM in [13]. This method achieves
a 10 mm resolution on 3 DOF.

In this paper we describe a novel approach to detect in real-
time the 6-DOF pose of a magnetic capsule endoscope. The pro-
posed method takes advantage of the external magnetic field
generated for manipulation, allowing for actuation and localiza-
tion at the same time. This method is optimized for a cylindrical
EPM with axial magnetization, but can be generalized straight-
forwardly to any external source of magnetic field.

II. MATERIALS

A. Principle of Operation

The proposed method takes advantage of measuring the
magnetic field generated by the EPM at the two ends of
the capsule. Two Cartesian triplets of Hall Effect sensors
are used to acquire the three components of the field (i.e.,

— —
B;l, B B;IFB;%B;Q, B’zz). The resulting B; and Bé
vectors are referred to the center of the capsule ([m/,g//,z/]
reference frame represented in Fig. 1). The inclination of the
capsule (i.e., o and § defined as pitch and yaw of [:1:/ e z/}
with respect to the world reference frame [, Y, 2w ]) is also
recorded in real-time with an onboard triaxial accelerometer.
Given these 8 real-time measurements, the proposed algo-
rithm is able to provide the pose of the capsule in terms of
the distance vector d and the three Euler’s orientation angles
(v, 8, ) referred to a Cartesian frame [z, y, z] located at the
center of the EPM. In case the EPM arrangement is known with
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Fig. 1. Schematic view of the EPM and the capsule with the different reference
frames used in the algorithm. A slice of the magnetic field map is represented
in the lower left quadrant of the workspace.

respect to the world frame, the transformation from [z, y, z] to
[€w, Yus 2] (and viceversa) can be easily obtained using the
real-time data acquired from the robot encoders.

The method we developed is based on an iterative algorithm
written in Matlab (Mathworks, Inc., USA). The first step con-
sists in the calibration of the initial roll angle y, as baseline. This
is required because the roll «y is the only orientation angle that
cannot be measured by the triaxial accelerometer. This calibra-
tion requires positioning the capsule with a known orientation
for v with respect to the EPM.

— —
The next steps are to acquire B; and B; from the onboard
Hall Effect sensors, o and ﬂ’ from the accelerometer, and to
express the magnetic field vectors with respect to [z, y, 2] by
the following transformation:
. —
B;=R“R"RLB

7

withi=1,2 (1)

where R* and its transpose RZ build the similarity transforma-
tion converting coordinates from [, Y., 2] to [2, y, 2], while
the 3 x 3 rotation matrix R,’w, shown in the first equation below,
where ¢(-) and s(-) are cosine and sine trigonometric func-
tions, & and /5’ are the pitch and yaw acquired by the triaxial
accelerometer, while ~ is equal to v, for the first iteration. The
angle v is then generated by the algorithm for the following it-
erations, as detailed later in the paper.

The values of the magnetic field at the capsule are then used
in conjunction with a pre-calculated numerical map of the mag-
netic field generated by the EPM. In this map, the magnetic field
vectors are associated with the distance vector d. A search is per-
formed in the map to find the values of (d.., d,,, d.) related to the
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magnetic field vectors that are the closest to the measured values
ﬁ and 1?2 . The computational time and the precision of the pro-
posed method strongly depend on the search function and the
magnetic field map. In case an axially magnetized cylindrical
permanent magnet is used as EPM, the magnetic field can be
expressed in cylindrical coordinates. Therefore, the algorithm
derives

B2, + B2 :

_
B V! 20F + B.id

7

= Bri"a + BZ7é =

By
By

for i = 1,2, where B, is the radial component and B.;Z is

2

#; = arctan (

axial component of Ff . The azimuthal angle of the cylindrical
coordinates is expressed by 6;.

Magnetic models based upon the theories and the methods
used in the analysis of steady currents, permanent magnets, and
magnetic circuits [ 14], [15] are applied to generate the field den-
sity map to cover a 30 cm x 30 cm x 30 cm workspace centered
on the EPM. In particular, the Magnetic Current Model (MCM)
allows for a numerical solution by finite element integration.
The MCM for an axially magnetized cylindrical magnet is ex-
pressed as follows

o

o p-p")
i ds’

B—} = '.m 77 3
(p) Jm(p ) x P 3

5"
where p indicates a generic point belonging to the workspace,
p” is a point on the magnet surface, 7,,, is the equivalent surface
current density, S " is the EPM integration surface, and ¢ is the
vacuum permeability constant. Expressing (3) in cylindrical co-
ordinates, the magnetic field becomes (4), shown at the bottom
of the page, where , 8, and z are the cylindrical coordinates of
the generic point p, while R and L are the radius and the height
of the EPM, respectively. The constant K = (uoM,)/(47) ac-
counts for the EPM magnetic remanence M.

Thanks to the cylindrical symmetry of the selected EPM, the

value of ?‘ is only a function of r and z, since its # compo-
nent is zero (see (4)). This allows to simplify the magnetic field
map to a single 15 cm x 30 cm slice. Also, since we can as-
sume the capsule to be inside the body of a patient laying in the
z < 0 space, the slice can be further reducedtoa 15 cm x 15 cm
domain, as represented in Fig. 1. Each point belonging to this
slice is expressed as a two component magnetic field vector

—_—
B¢(p) = B.(p)f + B.(p)2Z with a univocal association to a
point p in the domain. The values of the bi-dimensional map
are calculated by applying (4) to the specific EPM used in our

, [ A8)ely) e()s(a)s(F) —ele)s(v) - s(@)s(y) + ela)e(v)s(F)
Ry = | (B8)s(v) e(e)e(y) = s(v)s(a)s(B)  s(v)e(a)s(B) — s(a)ely)
—s(0") e(B)s(a)) c(a"e(B)
/ /27 (R—7)i+(z—2)F s @
0 |R24+r2 - 2rRe(f —0') + (2 — 2')2)|?
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Fig. 2. Validation of the proposed pose detection method: (A) View of the plat-
form; (B) Close view of the capsule and the gimbal; (C) Schematic view of the
capsule.

platform with a spatial resolution of 0.2 mm. Of course, the reso-
lution of the map is chosen as a trade-off between computational
time and localization accuracy.

A sequential search is performed into the map to find
(d,i,d.;) associated with the measured (B,;, B,;) fori =1, 2.
The third cylindrical coordinate dy; can be calculated from the
values of B,; and B,; by applying (2). The position of the
capsule center is then obtained by averaging dy and ds. The
roll v is achieved as the angle in between the z axis and the
line intercepting the projections of d; and ds on the horizontal
plane. At this point, the capsule pose is fully identified with
respect to [z,y,z] and the algorithm restart from acquiring
— —

B;., B,,Q, o, and J5] ', this time adopting the actual -y in computing
the I?,, matrix in (1).

B. Platform Overview

The proposed method for capsule pose detection was assessed
using the experimental platform represented in Fig. 2(A). The
platform consists of a robotic arm holding the EPM, and a cap-
sule embedded with a permanent magnet and the localization
module. The capsule is mounted on a gimbal (Fig. 2(B)), that
allows 3 DOF rotations. Since the capsule is designed to op-
erate inside the human body, thus in a loose environment, the
gimbal allows to validate the algorithm without constraining the
sensing module in a fixed orientation. An optical tracker (Mi-
cron Tracker, Claron Technology, Inc., USA) is used as refer-
ence system to measure the angular motion of the capsule.

The robotic arm (RV6SDL, Mitsubishi, Inc., Japan) has 6
DOF and a resolution of motion of 1 zm. The EPM is an off-the-
shell cylindrical permanent magnet in NdFeB, with N52 axial
magnetization, a remanance of 1.48 T, a diameter of 5 cm and
a height of 5 cm (K&J Magnetics, Inc., USA). The permanent
magnet embedded in the capsule has the same features as the
EPM, but is 11 mm in diameter, and 11 mm in height. The mag-
netic coupling between the two magnets allows for an effective
manipulation, as reported in [16].

The localization module is designed all around the onboard
magnet in order to be easily integrated in a device operated by
magnetic manipulation. The module consists of a digital tri-
axial accelerometer (LIS331DLH, STM, Switzerland) and six
uniaxial Hall effect sensors (CYP15A, Chen Yang Technolo-
gies GmbH & Co. KG, Germany). The Hall Effect sensors were
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chosen with a large dynamic range (i.e., from 0.1 4T to 2 T) to

accommodate the offset due to the internal magnet (i.e., about

10% of the dynamic range). As represented in Fig. 2(C), the

Hall Effect sensors were positioned along [.’L’,, y', z'] at the op-

posite sides of the capsule in order to maximize the separa-
—

tion between B; and B; readings. The separation distance for a
couple of Hall Effect sensors laying on the same axis is 12 mm.
The overall size of the localization module and the onboard
magnet is 15 mm in diameter and 18 mm in height. Both gimbal
and capsule were fabricated by rapid prototyping (OBJET 30,
Objet Ltd., Israel). Data are acquired from the Hall effect sen-
sors and the accelerometer by an USB data acquisition board
(DAQ 6211, National Instrument, Inc., USA) with a 16-bit res-
olution at each iteration of the algorithm. The sensor size, power
consumption, and data output are compatible with wireless op-
eration. In particular, a wireless microcontroller (e.g., CC2530,
Texas Instruments, Inc., USA) and a high resolution analog to
digital converter (e.g., ADS8320, Texas Instrument, Inc., USA)
can be used to acquire the measurements at the same sampling
rate and resolution, and send them to an external receiver by ra-
diofrequency communication [16]. The platform is controlled
by a software written in C++ and communicates in real-time
with the data acquisition board and the robotic arm controller.

III. EXPERIMENTAL VALIDATION AND RESULTS

In order to validate the proposed method, the robotic arm was
programmed to move the EPM within the 2 < 0 portion of the
workspace represented in Fig. 1. Considering the capsule fixed
to the gimbal at [xr = O cm,y = 0 cm, 2 = —15 cm], the
robot scanned a 30 cm x 30 cm area on the (, y) plane at nine
different vertical positions (i.e., z varying from —8 cm to 0 cm
in 1-cm steps). The benchmark for validation was provided by
the robotic arm encoders (resolution of 1 pzm) for d, and by the
optical tracker (resolution of 0.3°) for «v, 3, and -y.

Since the proposed method is based on magnetic field mea-
surement, the error is expected to increase with the separation
distance between the source of magnetic field and the position
where it is measured. Therefore, the error in detecting capsule
pose is reported in Fig. 3 for three different values of |d| (i.e.,
10 cm, 12.5 cm, and 15 cm) within a typical range of operation
for magnetic capsule endoscopes [11]. In particular, if the cap-
sule is within 10 cm from the EPM, the average error and the
standard deviation are —4.3 £ 2.1 mm for z, —4.54+ 1.9 mm for
Yy, —3.9 £ 1.8 mm for z, and —12° 4 29° for ~y. In case the cap-
sule is within 15 cm from the EPM, the average error remains
in the same range, but the standard deviation significantly in-
creases. The error and standard deviation for |d| < 15 cm are
—3.4 4+ 3.2 mm for z, —3.8 & 6.2 mm for y, 3.4 &+ 7.3 mm for
z, and —19° £ 50° for «y if the capsule is within 15 cm from
the EPM. The angles « and /3 are measured by _the accelerom-
eter, therefore their error is not dependent on |d|. The average
error and the standard deviation for o and J are —6° &+ 18° and
3° £ 20°, respectively.

For a more straightforward interpretation of results, it is pos-
sible to define the event of successful localization. A localiza-
tion is successful if the capsule estimated position d is falling
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Fig. 3. Error bar plot for the proposed pose detection method in the six DOF,
reported for three different values of |d|. The bar height represents the average
error, while the whiskers account for standard deviation.

TABLE I -
LOCALIZATION SUCCESS RATE FOR DIFFERENT |d|

[ 1dl <10 em [ |d <125 cm | |d] <15 cm

Success 82% 66% 48%
Rate
Total 4,000 12,500 26,000
Measurements

within a spherical volume centered in the capsule actual posi-
tion and having a diameter of 11 mm, as current capsule endo-
scopes [1]. The success rates of the proposed algorithm related
to the total number of measurements are reported in Table I as
a function of |d|. The full range of magnetic field at the capsule
is within £120 mT, while typical values for the considered ap-
plication are in the range of £50 mT.

As regards computational time, a single instance of the algo-
rithm takes 14 ms, while the search requires an average of 5 ms.
These results are compatible with the closed-loop control cycle
of the robotic arm controlling the EPM (i.e., typically 20 ms).

IV. CONCLUSION

In this paper we propose a novel approach to detect in real-
time the 6-DOF pose of a magnetic capsule endoscope, com-
bining multiple sensor readings with pre-calculated magnetic
field values. This solution is compatible with magnetic manipu-
lation and is optimized for a cylindrical EPM with axial magne-
tization. The sensing module is designed for wireless operation,
and the algorithm has a computational time that allows real-time
teleoperation. The proposed approach is able to provide an av-
erage error below 5 mm in position detection, and below 19° for
angular motion within a spherical workspace of 15 cm in radius,
centered on the EPM.

Future works will aim to improve pose detection accuracy by
real-time filtering. In particular, Kalman or particle filters may
be a viable option. The localization module will be integrated in
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a wireless capsule. Then, the real-time pose detection algorithm
will be used to achieve closed-loop control of capsule position
by magnetic manipulation.
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