
Received July 14, 2020, accepted July 25, 2020, date of publication July 28, 2020, date of current version August 13, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3012533

Three-Dimensional Localization of a
Robotic Capsule Endoscope Using
Magnetoquasistatic Field
SI-LIANG LIU1, JAYOUNG KIM2, BYUNGJEON KANG 2, EUNPYO CHOI1,
AYOUNG HONG 3, (Member, IEEE), JONG-OH PARK1, (Member, IEEE),
AND CHANG-SEI KIM 1, (Member, IEEE)
1School of Mechanical Engineering, Chonnam National University, Gwangju 61186, South Korea
2Korea Institute of Medical Microrobotics, Gwangju 61011, South Korea
3Department of Robotics Engineering, Chonnam National University, Gwangju 61186, South Korea

Corresponding authors: Jayoung Kim (jaya@kimiro.re.kr), Jong-Oh Park (jop@jnu.ac.kr), and Chang-Sei Kim (ckim@jnu.ac.kr)

This work was supported by a grant of the Korea Health Technology Development Research and Development Project through the Korea
Health Industry Development Institute (KHIDI) funded by the Ministry of Health and Welfare, South Korea, under Grant HI19C0642.

ABSTRACT Recent research efforts regarding advanced Robotic Capsule Endoscopes (RCEs) have primar-
ily focused on the development of actively locomotive endoscope capsules. However, accurate movement
of an RCE inside the digestive organs remains a challenge that hinders the further development of an
autonomous RCE that with applicability in clinical practice. To address this challenge, this study proposed
and developed a novel three-dimensional (3D) location positioning method that is compatible with an RCE
manipulated by an external magnetic actuation system. The developed localization methodology employed
one embedded single-axis receiving coil (Rx) in the RCE and three external transmitting coils (Txs) placed
under the clinical bed. The magnetic flux density obtained from the electromotive force at the Rx was applied
to the solution of 3D nonlinear Biot–Savart equations and enabled the determination of the position of the
Rx in relation to the corresponding magnetoquasistatic field source in the Tx. For implementation, this study
developed: (1) an accurate mathematical model and volumetric analysis method for the magnetoquasistatic
field by applying equipotential contour and surface mapping, (2) a method to determine the optimal Tx
arrangement, and (3) a prototyped device and in-vitro validation of the feasibility of the 3D localization.
In the helical trajectory tracking experiment, the device demonstrated an error of 2.03 ± 1.14 mm, and
the feasibility in the clinical environment was verified through gastrointestinal phantom experiments. The
proposed method will be further evaluated clinically for the retargeting and accurate localization of internal
pathologies as well as the closed-loop control of an actively locomotive RCE.

INDEX TERMS 3D localization, electromagnetic induction, magnetoquasistatic field, wireless position
sensing, robotic capsule endoscope.

I. INTRODUCTION
The development of an actively locomotive untethered
capsule endoscope utilizing an External Magnetic Actua-
tion (EMA) system has been extensively studied in recent
years [1]–[5]. As a promising alternative to traditional clinical
endoscopy, the untethered capsule endoscope facilitates the
active investigation of the entire gastrointestinal (GI) tract
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while considerably reducing pain without anesthesia [6]–[9].
However, wireless Robotic Capsule Endoscope (RCE) tech-
nology requires further development to overcome several
issues, including accurate lesion localization, the naviga-
tion of active locomotive RCEs [10], high-efficiency wire-
less power transmission [11], and other functionalities
such as drug delivery performance [12], biopsy [13], and
tattooing [14]. These functionalities are critical to the future
development of RCEs and depend significantly on hav-
ing accurate information regarding the RCE position and
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orientation. However, sensing the RCE position remains dif-
ficult due to the complex geometry inside the GI tract [15]
and the wireless environment [16].

Several studies have investigated RCE localization meth-
ods, including those based on Radio Frequency (RF) sig-
nals, magnetoquasistatic magnetic fields, magnetic sensors,
gamma rays, and computer vision technologies. In 2005,
Hu et al. developed a (two-dimensional) 2D sensor array
for estimating the position and orientation of an RCE [17].
Son et al. also employed a 2D sensor array with an improved
signal processingmethod [18]. The external Hall effect sensor
arrays were used to detect the steadymagnetic field generated
by a permanent magnet embedded in the RCE. A gamma ray
based strategy has also been studied; in 2014, Than et al.
developed a localization system consisting of three 22Na
markers with a diameter of less than 1 mm embedded in the
cover of the RCE, which could be detected by a gamma-
ray system [19]. Recently, an image-based strategy has also
been studied extensively, in which videos or sequential visual
images obtained during diagnostics using an embedded cam-
era are employed for the development of the localization
algorithm; Marya et al. clinically tested the performance of
this method [20] based on video localization were presented
in [21]–[24]. In addition, hybrid localization strategies have
been discussed, such as video- and RF-based [25] and video-
and magnetic-sensor based methods [26].

However, these previously investigated methods have their
disadvantages. For example, angiography or gamma ray
based methods would expose patients to radiation during the
diagnostic process, and video-based localization strategies
have issues due to their continuously increasing error and
uncertain image quality. Further, RF-based strategies result in
signal attenuation and distortion issues owing to the dielectric
properties of human tissues [27]–[32]. The primary problem
with magnetic sensor-based methods is the requirement for
the sensors to be located in an arrayed configuration sur-
rounding the human body to achieve localization and com-
patibility with an EMA system [33]. Each steady magnetic
field for locomotion and positioning could result in undesired
interference between the sensing and actuation signals.

In contrast, magnetoquasistatic field based methods (using
a low-frequency oscillating steady field of 30 kHz to
300 kHz) showed promising results owing to their com-
patibility with EMA systems [34]. The magnetoquasistatic
field does not affect the movement of an RCE under the
control of an EMA system and can be detected through the
low-frequency induction of a magnetic dipole or a current
loop, allowing its excellent penetrability of human tissue
to be leveraged. Several studies have investigated magneto-
quasistatic field based localization methods. Plotkin et al.
presented a localization method incorporating a single-axis
Rx embedded inside the capsule to detect the magnetic fields
generated by multiple external Txs [35], [36]. In 2014, Islam
and Fleming proposed a 6D localization system comprising
three orthogonal rectangular Rxs and three orthogonal circu-
lar Txs based on the magnetic dipole principle [37]. However,

the arrangement of the concentric orthogonal Txs indicated
that the region of interest (ROI) in the space diverged outward
from the center. This could complicate the application of a
concentric orthogonal Txs configuration to a capsule endo-
scope in a clinical setting because the GI tract is compact
and concentrated in a limited space. To develop localization
method using an alternating magnetic field, Abbott et al.
applied a rotating external permanent magnet, with goals of
localizing and propelling a spiral-shape capsule through the
alternating magnetic field [38].

A magnetoquasistatic-field-based RCE localization
method employing a novel coil configuration was introduced
in this study to overcome these wireless RCE localization
problems. The proposed method utilized a low-frequency
magnetic field signal with a greater ability to penetrate the
human body. The proposed system was composed of three
Txs placed into a clinical bed and a single Rx embedded into
a capsule endoscope. A 200 mm diameter sphere represented
the ROI containing most of the GI organs, as shown in Fig. 1.

FIGURE 1. A schematic of the proposed RCE localization system.

Compared with [37], this arrangement produced a stronger
primary magnetic field that could be concentrated in the
ROI and enabled a compact bed-type design that occupied
minimal space. Specifically, the low-frequency electromotive
force (emf) signals induced by the magnetoquasistatic fields
of three Txs were separately transmitted to an Rx embedded
in the RCE. The amplitude of the signal received was then
transformed into the magnitude of the magnetoquasistatic
field, and the three-dimensional (3D) position was computed
by solving the magnetic field inverse problem. The orienta-
tion of the RCE could be treated as a known parameter by
leveraging an EMA that could precisely control the orienta-
tion of the RCE and, thus, simplify its localization.

The main contribution of this study is the demonstration of
a novel 3D RCE localization method compatible with EMA
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by using minimum numbers of Tx and Rx coils utilization,
which could be implemented at the clinical bedside. In detail,
this study proposed and developed (1) an RCE localization
method capable of EMA cooperation, (2) an accurate math-
ematical model of a magnetoquasistatic field based on the
Biot-Savart law, (3) an optimal Tx arrangement for multi-
ple Tx configuration, (4) a complete localization algorithm
that provides the conversion of an oscillating voltage to the
flux density of a steady magnetic field including coordi-
nate transformation, and (5) a volumetric magnetoquasistatic
field analysis method that employs an equipotential surface
and a contour map. Moreover, the proposed method was
prototyped and verified through in-vitro experiments using
X-ray images. These contributions are anticipated to advance
the ability to provide 3D localization for RCEs in clinical
settings.

The remainder of this paper is organized as follows.
Section II introduces the theoretical basis of the proposed
method. In Section III, the simulation results and analysis are
presented. The experimental setup and results are discussed
in Section IV. Finally, concluding remarks with potential
directions of future studies are presented in Section V.

II. 3D LOCALIZATION METHOD
The overall flow chart of the proposed localization method
is presented in Fig. 2. In accordance, detail explanations are
follows in this section.

FIGURE 2. An overall block diagram of the proposed RCE localization
method.

A. COORDINATE TRANSFORMATION
As shown in Fig. 1, the local position of the RCE was
transformed into global coordinates for registration to a
pre-operative image and coordination with the external actua-
tor. XGYGZG is the reference global coordinate system (GCS)
placed on a fixed point on the bed and XKYKZK is the local
coordinate system (LCS) attached to the K-th Tx. The K-th
Tx lies in the x-y plane and is concentric with the origin of
the K-th LCS.

First, given the location and orientation of the RCE as
PG
(
xG, yG, zG, ϕ, ω

)
in the GCS, the spatial relationship

between the GCS and K-th LCS was derived using the XYZ
fixed angles method [39]. The coordinate was rotated in the
GCS about the x, y, and z axes by angles γK , βK , and αK ,
respectively. The rotation matrix from the K-th LCS to the
GCS is then obtained as

RGK =

 cαK −sαK 0
sαK cαK 0
0 0 1

 cβK 0 sβK
0 1 0
−sβK 0 cβK


×

 1 0 0
0 cγK −sγK
0 sγK cγK

 (1)

where cαK is cos (αK ), and sαK is sin (αK ). The rotation
matrix of the GCS relative to the K-th LCS is defined asRKG =
RGTK . After the rotation, this coordinate is translated along the
z-axis by tK , and the position of the GCS’s origin (GORG)
with respect to the K-th LCS, PKGORG, is expressed as
PKGORG =

[
0 0 tK

]T . The position of the K-th LCS’s origin
(KORG) with respect to the GCS can then be obtained as

PGKORG = −R
G
KP

K
GORG (2)

An arbitrary position PG
[
xG yG zG

]T of the RCE with
respect to the GCS can be transformed into PK

[
xK yK zK

]T
in terms of the K-th LCS by using the following
transformation.

PK = RKGPG + PKGORG (3)

B. MAGNETOQUASISTATIC FIELD MODEL
The magnetic flux density BK generated by the K-th Tx at
the arbitrary position PG was derived by the Biot-Savart law,
as shown in [40].

H =
∮

IdL× R
4πR3

(4)

where H is the magnitude of the magnetic field intensity, I is
the current in the differential length of the filament vector dL,
R is the direction vector along dL to an arbitrary point, and
R is the magnitude of the vector R. For a circular shaped Tx,
the magnetic density properties in (4) are obtained as follows:

dL = rKdθ
(
−sθEiK + cθEjK

)
; (5)

R = (xK − rK cθ)EiK + (yK − rK sθ)EjK + zK EkK ; (6)

R =
[
(xK − rK cθ)2 + (yK − rK sθ)2

+ (xK − rK cθ)2 + z2K
]1/2

(7)

where rK is the radius of the K-th Tx; EiK , EjK , and EkK are
the unit vectors representing the x-, y- and z-axes of the
K-th LCS, respectively; and θ is the integration variable.
By substituting Equations (5), (6), and (7) into (4), the

magnetic field intensity at each Tx can then be computed
as (8), as shown at the bottom of the next page, where NK
is the number of coil turns, and IK is the current of the K-th
Tx. Further, the magnetic flux density BK at PG is defined
by BK = µ0HK , where µ0 is the permeability of a vacuum.
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By using a unit direction vector,UG, in (9) with respect to the
K-th LCS, the direction vector in the GCS is transformed into
the LCS as UK = RKGUG, where

UG =
[
cωcϕ cωsϕ sω

]T (9)

The magnitude of the magnetic flux density BK for a given
orientation of the RCE can then be obtained as follows:

BUK = BK · UK (10)

The inductive emf is transformed into the magnitude of the
magnetic flux density, which can be measured by the Rx.
Herein, the principle of electromagnetic induction that the
amplitude of the emf is linearly proportional to the amplitude
and frequency of the magnetoquasistatic field is adopted. The
emf is given by Faraday’s Law as

ε = −Nr
dφ (V )
dt

(11)

where Nr is the number of coil turns of the Rx, and φ is the
magnitude of the magnetic flux through the cross-section of
the Rx. As shown in Fig. 3, for a given sinusoidal oscillation,
φ, the emf should be an oscillating sinusoidal signal with the
same period and a phase difference of T/4, as compared to
φ. By integrating (11), we obtain the following:

∫
T/4
0 εdt = −Nr ∫

T/4
0 dφ (12)

FIGURE 3. Phase relationship with an emf for a given sinusoidal input.

and (12) can be rewritten as (13) for computational analysis
as follows:

εt=0

(
T
4
− 0

)
= −Nr (φt=T/4 − φt=0) (13)

Because φt=0 = 0, φt=T/4 = −εt=0/ (4fNr ), where
the terms φt=T/4 and −εt=0 can be considered as the abso-
lute peak values of φ and ε, respectively. Thus, rewriting
φt=T/4 and εt=0 as φpeak and εpeak , respectively, φpeak =
εpeak/ (4fNr ) is obtained. Finally, the measuredmagnetic flux
density BM K for the RCE with respect to the K-th Tx can

be expressed as BM K = φpeak/Ar , where Ar = πD2
r/4 is

the cross-sectional area of the Rx, and Dr is the diameter of
the Rx.

C. POSITION COMPUTATION
Three Txs are triggered in sequence to provide three indepen-
dent equations for solution to determine the three unknown
parameters, xG, yG, and zG. The proof of this approach is
given in this section.
As stated in (8), the components of the magnetic flux

density along the three axes are all functions of the unknowns
xG, yG, and zG. Thus, magnetic flux densities of Tx1,
Tx2, and Tx3 under 1A of current at an arbitrary position
PG
[
xG yG zG

]T can be expressed as

B1_1A =

 b1i
(
xG, yG, zG

)
b1j
(
xG, yG, zG

)
b1k

(
xG, yG, zG

)
,

B2_1A =

 b2i
(
xG, yG, zG

)
b2j
(
xG, yG, zG

)
b2k

(
xG, yG, zG

)
, and

B3_1A =

 b3i
(
xG, yG, zG

)
b3j
(
xG, yG, zG

)
b3k

(
xG, yG, zG

)
. (14)

The flux density of the magnetic field established by an
arbitrary position with respect to a fixed structure Tx is
proportional only to the magnitude of the current input to
each coil. Thus, the established magnetic flux density in the
presence of I1, I2 and I3, which are the currents input to Tx1,
Tx2, and Tx3, respectively, is given by

B123 = I1B1_1A + I2B2_1A + I3B3_1A

=

 I1b1i + I2b2i + I3b3i
I1b1j + I2b2j + I3b3j
I1b1k + I2b2k + I3b3k

 (15)

The net magnetic field magnitude along with the direction
of the RCE is then obtained as

Bnm = B123 · UG =

 I1b1i + I2b2i + I3b3i
I1b1j + I2b2j + I3b3j
I1b1k + I2b2k + I3b3k

 ·
 cωcϕcωsϕ

sω


(16)

The expansion of (16) yields:

Bnm =
[
I1 I2 I3

] F1
F2
F3

 (17)

HK =
NK IK rK

4π

∫ 2π

0

zK cθEiK + zK sθEjK + (−xK cθ − yK sθ + rK ) EkK[
x2K + y

2
K + z

2
K + r

2
K − 2rK (xK cθ + yK sθ)

]1.5 dθ (8)
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where
F1
(
xG, yG, zG, ϕ, ω

)
= b1icωcϕ + b1jcωsϕ + b1ksω

F2
(
xG, yG, zG, ϕ, ω

)
= b2icωcϕ + b2jcωsϕ + b2ksω

F3
(
xG, yG, zG, ϕ, ω

)
= b3icωcϕ + b3jcωsϕ + b3ksω

The matrix Bnm in (17) has a rank 3 where three indepen-
dent nonlinear functions, F1, F2, and F3, are given by Tx1,
Tx2, and Tx3, respectively. The lack of any one of these
Txs reduces the rank of the matrix to be 2, such that three
unknown parameters cannot be identified mathematically.
Furthermore, the simultaneous presence of I1, I2 and I3 will
create magnetic fields with various structures, which lead to
the more complex nonlinear system, resulting in computa-
tional difficulties. Hence, to decrease the computational bur-
den, the optimal magnetic field in terms of the most concise
nonlinear system would be obtained by triggering three Txs
sequentially as follows:

BU1 =
[
I1 0 0

] F1
F2
F3

 = I1F1
(
xG, yG, zG, ϕ, ω

)

BU2 =
[
0 I2 0

] F1
F2
F3

 = I2F2
(
xG, yG, zG, ϕ, ω

)

BU3 =
[
0 0 I3

] F1
F2
F3

 = I3F3
(
xG, yG, zG, ϕ, ω

)
(18)

Combined with the measured magnetic flux density,
the three unknown parameters, xG, yG, and zG can be deter-
mined for the three given independent equations of the three
magnetic fields generated by the three Txs as follows:BM1

BM2
BM3

 =
BU1
BU2
BU3

 =
 I1F1 ( xG, yG, zG, ϕ, ω )I2F2

(
xG, yG, zG, ϕ, ω

)
I3F3

(
xG, yG, zG, ϕ, ω

)

(19)

However, because (19) is a highly nonlinear equation,
a numerical solution is not easily obtained manually. In this
study, the nonlinear solver, lsqnonlin, using the optimization
algorithm trust-region-reflective, was applied to solve the
high-order nonlinear equation in (19). The cost function is
defined as

c = argmin

(
3∑

K=1

BMK − BUK

)
(20)

Equation (20) provides the optimal solution of xG, yG, and zG
by minimizing the error between the measured magnetic field
and the model values.

III. CONFIGURATION AND ROI ANALYSIS
This section presents the optimal arrangement of the Txs and
the physical concept of the proposed localization method.

The conceptual equipotential surfaces and contour maps of
the three magnetoquasistatic fields were established for the
three Txs, and the appropriate height of the spherical ROI was
then determined based on the simulations and analysis.

A. TRANSMIT COIL CONFIGURATION
Arrangement of the three Txs in a manner that provides the
most effective localization performance is crucial to practical
application. Because Txs are required to face the ROI to
maximize the magnetic field reception by the Rx, the optimal
spatial relationships among the three Txs need to be deter-
mined to obtain the best Tx configuration, which relates to
the symmetrical properties of the three Txs and the average
error of the localization. Therefore, a new measure, termed
the degree of symmetry (DOS), is introduced and defined
to express the symmetrical properties among the Txs as
follows:

DOS =
1√

1
3

3∑
i=1

(
anglei − angle

)2 (21)

where anglei and angle are the angles between the centers of
each Tx and the average of these three angles, respectively.
The z-axis of the K-th LCS indicates the center of the K-th
Tx. Because the DOS is computed using the reciprocal of the
standard deviation of each angle, a higher DOS represents
a more symmetrical arrangement of the transmittance coils
configuration.

A brute-force searching simulation was performed as fol-
lows to determine the Tx configuration. First, βK was fixed
at 0◦, wherein all the Txs were directed toward the center of
the ROI, and tK was fixed at 0.15 m, wherein all the Txs
were placed at the same distance from the ROI. Then, γK
and αK were considered as variables to simulate all possible
Tx arrangements in 3D space. γK and αK were randomly
selected from the interval of −180◦ ∼ 180◦, and a total
of 8000 cases comprising various Txs arrangements were
prepared for the examination. Second, 32 positions that were
uniformly distributed in the ROI were chosen, and 18 ori-
entations were selected for each position such that a total
of 594 combinations of RCE position and orientation were
obtained for use as ground truth positions. Third, the ideal
flux density BU K was computed using Equations (1)–(10),
and the measurement flux density BM K was simulated by
adding random noise at a level of 1–5% of the full range of
BU K at each ground truth location. Fourth, position estima-
tion was performed using the proposed localization method.
Finally, the average errors for all possible Tx arrangements
were calculated. Fig. 4 provides the simulation results, which
verified that the Tx arrangements with lower localization
error tended to have higher DOSs, which indicated greater
Tx symmetry. The simulation result provided the Tx con-
figuration having the highest DOS, which satisfied both the
symmetry condition and the requirements for the design of a
bed-type system.
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FIGURE 4. The relationship between average error and DOS. Higher DOS
of arrangement case lead to smaller error of estimation.

B. EQUIPOTENTIAL SURFACE AND CONTOUR MAP
The proposed localization method was analyzed based on
equipotential surfaces and contour maps. In the proposed
method, three magnetic flux densities, BM 1, BM 2, and BM 3,
from each Tx coil were measured by activating each coil
sequentially to determine the three unknown parameters xG,
yG, and zG. For each Tx, an equipotential surface exists such
that the flux density is equal to BM K at any position on that
surface. The location of the RCE should be detected at the
intersection of these three equipotential surfaces. For illus-
tration purposes, an example position PG

(
0, 0, 0, 0◦, 90◦

)
was used, which represented that the RCE was located at the
origin, and its orientation was along the z-axis of the GCS.

The brown, gray, and green regions in Fig. 5(a) are the
equipotential surfaces of the first, second, and third Tx,
respectively. The simulation procedure was as follows: (i) the
flux density at the selected positions, which were uniformly
distributed in 3D space, were computed using the mathemat-
ical model developed in this study; (ii) the flux density in the
orientation of the RCE was computed using equation (10) at
the selected positions; (iii) the equipotential surface was plot-
ted using the isosurface function using the data in the second
step.

In this study, the equipotential surface potentials were
obtained from the magnitude of the magnetic flux density in
the orientation of the RCE. Therefore, the position and shape
of the equipotential surface depended on both the position
and orientation of the RCE. As shown in Fig. 5(a), the three
equipotential surfaces intersected each other, forming two
intersection points, indicated by the blue and red points in
the figure. The blue point was located at

[
0 0 0

]T , which
is the exact desired solution, and the red point was located
at
[
0 0 −0.108

]T , which was a secondary solution of the
model. Although the RCE orientation would change the
posture of the equipotential surface, the secondary solution
always formed at the lower region having certain distances
from the desired solution. This distribution indicated that
the velocity constraint could be applied based on the dis-
tance interval between the desired and secondary solutions.
Accordingly, an algorithm was applied to select an appropri-
ate ROI, and a near-position finding constraint based on the
RCE velocity was utilized such that the secondary solutions
could be eliminated.

The magnetoquasistatic field contour map of the three Txs
was employed for predicting the spatial distribution of all
possible solutions; a reasonable ROI could be designated
based on the analysis of this contour map. Fig. 5(b) shows
the contour map of the first and second Txs for the example
position PG

(
0, 0, 0, 0◦, 90◦

)
. The contour of the third Tx

completely coincidedwith that of the second Tx, because they
are symmetric about the y-z plane. The red point represents
the secondary solution, whichwas located at

[
0 0 −0.108

]T .
Fig. 5(c) presents a contour map consisting of multiple mag-
netic field levels. The dotted line indicates the z = −0.08m
level that separates the secondary solutions from the desired
solutions. All intersections above the dotted line are desired
solution sets, and all secondary solutions are located in the
region of z < −0.08m and are concentrated near y = 0m.
Furthermore, the region above−0.08 m is the unique solution
region and sufficient to be considered the ROI, once the RCE
is restricted in the y-z plane and its orientation is aligned with
ϕ = 0◦ andω = 90◦. The contour maps for the various planes
should be investigated to provide comprehensive knowledge
of the 3D spatial distribution of the secondary solutions.

C. ROI DETERMINATION
The appropriate ROI can be determined based on the pro-
posed criterion that the secondary solution is always below
the desired solution.

A simulation was performed to identify the effects of
the secondary solution on the localization ability in ROIs
at different heights (i.e., z-axis values). The simulation was
performed as follows: (i) 14 spherical ROIs located on the
GCS z-axis at an interval of 0.01 m between −0.03 m and
0.1mwere selected as candidates, and a total of 150 000 com-
binations of positions and orientations were selected as the
ground truth values for each ROI candidate; (ii) the magnetic
flux density, BU K , was computed using Equations (1)–(10),
and BM K was computed by adding random noise at a level
of 1–5% of the full range of BU K at each ground truth for
every ROI candidate; (iii) the 3D position for each ROI candi-
date was estimated via the proposed localization method. The
simulation result shows that the average error decreases from
3.78 mm to 0.34 mm as the height of the ROI increased from
z = −0.03m to z = 0.1m. However, a higher ROI could
not only prevent the computation from obtaining secondary
solutions but could also cause the signals to suffer due to the
low SNR. A low SNR results in poor estimation accuracy,
which could be observed from z = 0.08m to z = 0.1m.
Based on the simulation results, a 200 mm sphere located at[
0 0 0.05

]T was selected as the ROI because the magnetic
field was not over-attenuated at this location.

IV. EXPERIMENTAL RESULTS
A. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 6(a) and in detail
instrumentations are provided in Table 1. An Rx-embedded
RCE was fixed at the end effector of an articulated robotic
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FIGURE 5. Equipotential surface and contour map analysis to visualize the magnetoquasistatic field from three Tx coils and find a position of the RCE
comes from the intersection of the formed field in each Tx coil.

arm. The Txs were located below the RCE and generated
the magnetoquasistatic field. A gel block mimicking human
tissue was placed between the Rx and Txs to evaluate the
magnetic distortions that occur through different mediums.
A current transformer monitored the AC current in real-time
to compensate for current changes due to external distur-
bances, such as thermal effects. A data acquisition (DAQ)
board was incorporated tomeasure the inductive emf from the
Rx and the signal from the current transformer. The switching
functions were performed by three pairs of relays and opto-
couplers that closed and opened the relative loop of the Tx
sequentially according to the digital signal from the DAQ,
the order of which was controlled by a customized LabVIEW
program. A function generator and amplifier supplied AC
power for the Txs, and capacitors were used to build the
resonance for the Txs.

Fig. 6(b) shows the design procedure for the controller,
which consisted of the following: (i) one Tx was activated,
and the inductive emf from the Rx and the oscillating voltage
signal from the current transformer were measured simulta-
neously, which was repeated for each Tx; (ii) the emf and the
transformer signal were used to determine the flux density
and the amplitude of the corresponding AC current; (iii) 3D
position was calculated by the proposed localization method
for each cycle.

B. HELICAL TRAJECTORY TRACKING
An experiment was performed to evaluate the reliability and
accuracy of the proposed localization method. In the exper-
iment, the RCE moved along the 3D helical trajectory with
various orientations. The orientation angleωwas fixed at 45◦,
and ϕ was rotated sequentially. During the RCE movement,
the 3D position computation was performed 1000 times using
the developed system.

The reconstructed path is presented in Fig. 7, where the
yellow circles at the bottom are the Tx coils, the grey shaded
area is the ROI of the system, the blue helical curve is the

TABLE 1. Summary of Instrumentation in Experiments.

desired path, and the red helical path is the estimated path.
The total average error, minimum error, maximum error, and
the average sampling rate were 2.03 ± 1.14 mm, 0.44 mm,
5.13mm, and 5 Hz, respectively. The results obtained demon-
strated that the developed localization system reconstructed
the actual dynamic path of the RCE accurately in the presence
of the human-like gel block. The raw data obtained in the
experiment is presented in Fig. 8.

Table 2 summarizes the comparison of the proposed
method with other technologies available. Where the key
performance measures used are the root-mean-square error
(RMSE) [mm] for the localization accuracy, working volume
[mm × mm × mm] for the ROI comparison, and sampling
rate [Hz] for the circulation time. In Table 2, we could see
that the positional accuracy obtained using the proposed
method was higher than those based on computer vision or
RF signals. The positional accuracy obtained in this study
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FIGURE 6. (a) Experimental setup for helix trajectory tracking test. (b) The
circuit block diagram of the controller; AC power supply (Red line), Txs
energization sequence control (blue line), signal transformed from Txs to
Rx (green line), and signal measurement (purple line).

was similar to that of the magnetic-sensor-based strategy.
For the same configuration of the open-type arrangement,
a much higher effective distance (200 mm) was obtained than
for a magnetic-sensor-based strategy (50 mm). The magnetic
moment of the current loop employed in the experiment
(4.71 A.m2) as the magnetic source for localization purposes
was more than ten times stronger than the largest permanent
magnet that can be accommodated in a swallowable endo-
scope (0.45 A.m2, as reported in [15]). These results show
that the proposed solution effectively resolved the issues of
short effective distance and low SNR. However, the exper-
iments also showed that the proposed solution had a lower
update rate (5 Hz) compared to a magnetic-sensor-based
strategy (200 Hz).

C. PHANTOM MODEL EXPERIMENTS
An experiment was conducted in a GI phantom to verify the
feasibility of the proposed localization method. A phantom
of a human stomach and small intestine was placed above
the Txs. An external permanent magnet that was linked to
the end effector of the robotic arm was used to induce the
RCE to move through the phantom along the designated path
and orientation. The movement occurred owing to the force
resulting from the interaction between the external and inter-
nal permanent magnets embedded in the RCE. Experiments
were conducted separately in the stomach and small intestine.

FIGURE 7. Experimental result of a 3-dimensional helix trajectory
tracking.

FIGURE 8. The measured emf signal in tracking control experiments.

A photograph of the stomach experiment is presented
in Fig. 9 (a)–(d). The RCE was actuated by the robotic arm to
travel to six positions designated along the lesser curvature.
In the first four positions, both the end effector outside the
stomach and the RCE inside the stomach were captured, and
the latter was captured using a clinical endoscope. Similarly,
for the experiment in the small intestine, the RCE reached
four designated positions in sequence through the actuation
control of the robotic arm.

A photograph of the RCE inside the small intestine could
not be captured because of the length limitation of the clinical
endoscope. The path for the stomach and small intestine
was estimated using the proposed localization method and
then overlapped with X-ray images of the phantom in the
x-y and y-x planes. The path reconstruction and overlapping
results are presented in Fig. 9(e) and (f), which verify that
the estimated path matched well with the X-ray images of the
stomach and small intestine in the x-y and y-z planes.
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TABLE 2. Comparison of the Proposed Approach with Other Solutions.

FIGURE 9. The RCE was actuating by the robot arm to travel to four designed position in the phantom model. The reconstruction by the
developed localization system and the x-ray image overlap in xy-plane and yz-plane for validation. From a to d position is registered onto a
phantom model image captured by an X-ray device.

V. CONCLUSION
This study proposed a magnetoquasistatic-field-based system
for RCE localization consisting of three Txs under a clin-
ical bed and a single receiving coil inside a capsule body.
The developed real-time localization system could provide

accurate 3D positional values for the magnetically manip-
ulated RCE, with the orientation being precisely controlled
using the EMA. A magnetic field equipotential surface and
contour map analysis was developed to design the Tx config-
uration and analyze the ability to localize to a specific ROI.
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The performance of the designed systemwas verified through
a helical trajectory tracking experiment in open space and an
in-vitro phantom model experiment.

The advantages of the proposed magnetoquasistatic field
based localization methodology include (i) it could transmit
the electromagnetic signal through a human body with negli-
gible attenuation and distortion as compared to an RF-signal-
based strategy, and (ii) it could collaborate with a steadymag-
netic field based EMA system simultaneously and (iii) cover
a larger ROI as compared to a magnetic sensor based strategy
with minimum number of transmit coils or transducers.

In future work, the proposed localization method will be
improved and refined in several aspects. First, the RCE in
this study will be developed as a wireless system, which
will be accomplished using a commercial analog-to-digital
converter (ADC) chip and a Bluetooth chip integrated into
the RCE. Second, the penetration performance and robust-
ness to signal distortion of the alternating magnetic field
through tissue-like materials should be evaluated in an in vivo
environment. Third, although the EMA system facilitates the
precise control of the RCE, the GI environment could prevent
the RCE from exact alignment with the desired orientation,
which could result in an error in clinical application. There-
fore, a higher-dimensional localization method that simul-
taneously considers position and orientation, as well as an
advanced control method for the precise robotic actuators and
the thermal effects on the coil system, will be developed in
future studies.
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