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Active Locomotive Intestinal Capsule Endoscope
(ALICE) System: A Prospective Feasibility Study
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and Sukho Park, Member, IEEE

Abstract—Owing to the limitations of the conventional flexible
endoscopes used in gastrointestinal diagnostic procedures, which
cause discomfort and pain in patients, a wireless capsule endoscope
has been developed and commercialized. Despite the many advan-
tages of the wireless capsule endoscope, its restricted mobility has
limited its use to diagnosis of the esophagus and small intestine
only. Therefore, to extend the diagnostic range of the wireless cap-
sule endoscope into the stomach and colon, additional mobility,
such as 3-D locomotion, and steering of the capsule endoscope, is
necessary. Previously, several researchers reported on the develop-
ment of mobility mechanisms for the capsule endoscope, but they
were unable to achieve adequate degrees of freedom or sufficiently
diverse capsule motions. Therefore, we proposed a novel electro-
magnetic actuation system that can realize 3-D locomotion and
steering within the digestive organs. The proposed active locomo-
tion intestinal capsule endoscope (ALICE) consists of five pairs of
solenoid components and a capsule endoscope with a permanent
magnet. With the magnetic field generated by the solenoid com-
ponents, the capsule endoscope can perform various movements
necessary to the diagnosis of the gastrointestinal tract, such as
propulsion in any direction, steering, and helical motion. From the
results of a basic locomotion test, ALICE showed a propulsion an-
gle error of less than 4° and a propulsion force of 70 mN. To further
validate the feasibility of ALICE as a diagnostic tool, we executed
ex vivo testing using small intestine extracted from a cow. Through
the basic mobility test and the ex vivo test, we verified ALICE’s
usefulness as a medical capsule endoscopic system.

Index Terms—Capsule endoscope, electromagnetic, helical mo-
tion, locomotion, propulsion, steering.

1. INTRODUCTION

N recent years, owing to irregular dietary habits, insufficient
exercise, and the stress of modern society, the incidence of
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gastrointestinal diseases has increased. Flexible gastrointestinal
endoscopes have been widely used in the prophylaxis and diag-
nosis of diseases of the digestive organs. However, because the
flexible endoscope is inserted into either the mouth or the anus,
the endoscopic procedure can be very difficult for the physician,
and can cause severe pain and discomfort to the patient. In ad-
dition, the anesthetic drugs administered with the endoscopic
procedures may generate serious side effects in patients [1], [2].

In an attempt to remedy the limitations of the flexible en-
doscopy, a capsule endoscope was proposed and developed; sev-
eral companies, such as Given Imaging [3] and Intromedic [4],
have commercialized this type of endoscope. PillCam SB, Pill-
Cam ESO, and PillCam COLON of Given Imaging and Miro-
Cam SB of Intromedic have been widely used for the diagnosis
in gastrointestinal tracts. The commercial capsule endoscope is
the size of a pill and can be swallowed through the mouth. It
moves along the esophagus, stomach, small intestine, and colon,
and as it does, it takes continuous images of the inside wall of
the digestive tract. The captured images are then transmitted to
data storage, via an external data receiving device outside of the
human body. The capsule endoscope is then extracted, and the
stacked images are analyzed and diagnosed by physicians.

Because the conventional capsule endoscope does not have its
own actuator it can only move passively, via the peristaltic move-
ment of the digestive organs. Therefore, it is impossible for a
physician involved in the diagnostic procedure to perform active
checkups using the capsule endoscope. In addition, a great deal
of time is required to review the enormous amount of stacked
image data from the capsule endoscope. Moreover, because the
stomach and colon have a large volume and many folding struc-
tures, it is hard to come to a precise diagnosis related to the stom-
ach and colon using the conventional capsule endoscope. Ideally,
the capsule endoscope should have its own locomotion and a
steering function so that the physician can actively control it and
effectively diagnose diseases of the digestive organs [1], [2], [5].

The studies on locomotive capsule endoscopes can be cate-
gorized as crawling mechanical actuation, magnetic oscillatory
propulsion, or magnetic manipulation. Initially, Valdastri et al.
[6], Kim et al. [7], and Kim et al. [8] proposed crawling mech-
anisms, using micromotors, gears, and screws for the capsule
endoscope. However, because it was hard to miniaturize and
had power limitations, the crawling mechanisms could not be
applied to a real capsule endoscope.

Next, Morital et al. [9] and Késa et al. [10] proposed self-
propelled capsule endoscopes with a fin using magnetic oscil-
latory propulsion. They generated the oscillatory motions of
the fin from the external magnetic field and propelled the cap-
sule endoscope by propulsion from the oscillatory fin. However,
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these capsule endoscopes are only able to move in a fluid envi-
ronment, and it was thought that the oscillatory motion might
have a negative effect on the quality of the captured images.

Finally, there have been many studies on the magnetic manip-
ulation of wireless microrobots. Martel ef al. [11] and Ishiyama
et al. [12] proposed spiral-type microrobots, and demonstrated
their 3-D forward/backward motion through the directional con-
trol of a rotational magnetic field, using uniform magnetic field
coils. The microrobots are able to obtain their propulsion force
from the interaction between the threads of the spiral-type mi-
crorobots, and the inner surface of the narrow gastrointestinal
tract. However, it is difficult when the spiral-type microrobot
moves on a slippery surface, such as the gastric organs, or in an
environment where there is no surrounding medium.

Ciuti et al. [13] and Carpi et al. [14], [15] proposed a method
for controlling a capsule endoscope with a small permanent
magnet, using either a robotic arm or the conventional Stereo-
taxis equipment. In the proposed system, large permanent exter-
nal magnets are attached to the robotic arm or to the Stereotaxis
equipment. The conventional Stereotaxis system also consists
of two robotic arms which can manipulate the large permanent
magnets, and an X-ray fluoroscope. They are therefore able to
control the capsule endoscope with a small permanent magnet
through the rotation and the positioning of the external large
permanent magnets, using the robotic arms. Because two per-
manent magnets are used for the generation of the magnetic
field in the region of interest (ROI), the capsule endoscope will
have a smaller power consumption than the electromagnetic
actuation (EMA) system using coils. Similarly, Abbott et al.
has demonstrated the manipulation of the magnetic microrobot
using the permanent magnet with a robotic arm and vision sys-
tem [16], [17]. The magnetic microrobot could be positioned
at a certain point in 2-D or 3-D space through the vision-based
control. However, because the capsule endoscope is controlled
by the position and rotation of the external magnets, using the
robotic arms, we can expect that the response time of the capsule
motion will be slow, and that complex motions, such as helical
movements, will be too difficult.

Kummer et al. achieved 5-DOF motions with a microrobot
using their EMA system (OctoMag) with eight coils, which has
an appropriate coil structure for intraocular surgery [18]. Sitti
et al. demonstrated the stick—slip locomotion of a microrobot
using the EMA system [19], [20]. When the microrobot was
placed on a uniform bottom surface, the stick—slip motion of the
microrobot can be generated and it can be applied to the manipu-
lation of microparticles on a substrate. As a typical application of
the micromanipulation using electromagnetic microrobot, they
demonstrated the microgripper robot using soft magnet, which
can manipulate the microstructures in 3-D space [21]. However,
neither the OctoMag nor the EMA with the stick—slip motion of
the microrobot is suited to the investigation of a long gastroin-
testinal tract.

Rey et al. [22] and Keller et al. [23] proposed a magnetic-
guided capsule endoscope (MGCE), using an EMA system with
six stationary pairs of coils. They demonstrated 5-DOF motions
of the capsule endoscope in a water filled stomach. They have
already carried out clinical trials in 52 cases, and we expect that
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Fig. 1. Five-basic motion of the active capsule endoscope.
MGCE is close to being commercialized.

In this paper, we propose an active locomotion intestinal cap-
sule endoscope (ALICE) system with diverse mobility, which
is appropriate for gastrointestinal diagnosis. ALICE consists of
an EMA system and capsule endoscope. The EMA system has
three pairs of orthogonal uniform magnetic coils for 3-D align-
ment, and two pairs of gradient magnetic coils for propulsion.
The MGCE consists of 12ea coils, and the coils for the align-
ment and the coils for the propulsion of the capsule are coupled.
It is therefore very difficult to realize complex motions of the
capsule, such as a helical motion. The proposed EMA system
for ALICE has 10ea coils and the coils for the alignment and the
coils for the propulsion of the capsule are separated. Therefore,
it is very easy to realize complex motions for diagnosis when
using this capsule. The ALICE capsule endoscope has a tubular
shape, resulting in easy access to the patient, and achieves a
5-DOF basic motion. In addition, through the helical motion of
the capsule endoscope, it is possible to closely scan the inner
wall of the gastrointestinal tract and thereby to improve diag-
nostic efficiency. This paper consists of the following sections:
Section II explains the fundamental motions of ALICE, and the
structure of the EMA system. In Section III, we deal with the
actuation mechanisms of the ALICE system. Section IV de-
scribes experimental setups and the results of the locomotive
capsule endoscope using the ALICE system. Finally, we draw a
conclusion in Section V.

II. DESIGN OF THE ALICE SYSTEM

A. Motion of Capsule Endoscopy

When the capsule endoscope has a cylindrical shape, and the
magnetization direction is the same as the longitudinal axis of
the capsule, we can derive the following actuation mechanisms:
1) rotational (tilting) motion; 2) 3-D translation motion; and 3)
combined helical motion. As shown in Fig. 1, for the diagnos-
tic purposes of a capsule endoscope, the ALICE system should
realize the five basic motions, including rotational and tilting
motions, and 3-D translations. In addition, through a combina-
tion of these basic motions, we propose a helical motion for
the capsule endoscope. As shown in Fig. 2, the helical motion
means that the capsule endoscope can be rotated and propelled
simultaneously. It is anticipated that the helical motion of the
capsule endoscope will be appropriate for scanning the inner
walls of tubular digestive organs, such as the esophagus, small
intestine, and colon.
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Fig. 2. Scheme of helical motion in a tubular environment.
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Fig. 3. Schematic diagram of the proposed EMA system.

TABLE 1
CHARACTERISTIC DIMENSIONS OF THE COIL COMPONENTS
OF THE ALICE SYSTEM

Coils Radius (mm) Turns Resistance (§2)
HC 195 556 13.33
MC 195 556 13.33
USC-n 105 334 15.56
USC-r 141 448 30.68
GSC 141 448 17.38

B. Design and Fabrication of the EMA System

To manage the manipulation of a capsule endoscope, the
EMA system must be able to access a recumbent patient eas-
ily. Therefore, as shown in Fig. 3, the proposed ALICE system
has a tubular shape, with three pairs of orthogonal uniform
magnetic coil assemblies for 3-D alignment, and two pairs of
gradient magnetic coil assemblies for propulsion. The ALICE
system can align the capsule endoscope to a desired 3-D coor-
dinate via Helmholtz coils (HCs) on the x-axis, and two rotating
pairs of uniform saddle coils (USCs) on the x-axis, which are
orthogonally positioned. In addition, the Maxwell coil (MC)
and rotating gradient saddle coil (GSC) on the x-axis in the
ALICE system can propel the capsule endoscope. The AL-
ICE system was fabricated as shown in Fig. 3, and the detailed
characteristic dimensions of the coil components are described
in Table I.
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III. ACTUATION MECHANISMS

A. Basic Theory of the EMA System

When a magnetic body is placed in a magnetic field, it can
be aligned and propelled by magnetic torque and force [24].
The torque (7) at which the magnetic body is aligned with the
magnetic field is determined by the magnetic field vector (H),
as shown in (1). In addition, the force (F) at which the magnetic
body is propelled in the aligned direction is determined by the
gradient of the magnetic field vector (VH), as shown in (2):

T= VM xH (D)
F=puVM-V)H )

where 19, V, and M denote the magnetic permeability of free
space, the volume, and the magnetization value of a magnet
body, respectively. Based on (1) and (2), the magnetic fields
for the locomotion of the magnetic body are determined, and
through the current control of the EMA system, the magnetic
fields can be precisely controlled.

First, to align the magnetic body in an arbitrary but desired
direction, we need a uniform magnetic field that can be generated
by the HC and the USC. The HC on the x-axis can generate the
following uniform magnetic field:

Hp,= [d 0 0] 3)
dp = 0.7155 22 )
Th

where i;,, ny,, and ;, denote the input current, turns, and radius of
HC, respectively. Similarly, USC on the y-axis can also generate
the following uniform magnetic field:

Hyse = [0 duse 0] (5)
dyoe = 0.6004 usc X s (6)
Tusc

where 4y5c, Nysc, and s denote the input current, turns, and
radius of USC, respectively. Due to the combination of these
two types of uniform coils, the EMA system has a cylindrical
shape and can steer the magnetic body in an arbitrary direction,
with the torque calculated as in (1).

Second, the gradient magnetic fields (Hy,, Hgsc) used for
the propulsion of the magnetic body can be generated by the
MC and the GSC, as follows:

Hp = [gm® —05gmy —0.5gmz]" (7)

O = 0.6413””:% (8)
m

Hyse = [ggse® —2.4398¢gscy 1.4398 ggse 2|7 (9)

lose X Mgse
gse = 0.3286 22~ Tesc (10)

2

gsc

where i,,, n,,, and r,, are the input current, turns, and the
radius of the MC and iy, Ngsc, and 7y are the input current,
turns, and radius of the GSC, respectively [25], [26]. Through
the combination of these two types of uniform gradient coils,



2070

(a)

(®)

Fig. 4. Schemes of capsule endoscopic motion in 3-D space.

the EMA system can propel the magnetic body with the force
given by (2) in the ROIL.

B. Translation and Rotation Mechanism

First, for the translation of the capsule endoscope, we as-
sumed that the capsule endoscope is aligned and propelled in
the direction of an arbitrary angle () on the xr plane, which is a
tilted plane with a tilted angle («) from the y-axis, as shown in
Fig. 4(a). The virtual xr plane could be realized by the rotation
of the saddle coils assembly. On this xr plane, in order to align
the capsule endoscope with an arbitrary direction (), the mag-
netic fields (dy,, dysc,») from the HC and USC were determined

as follows:
dh
H =
dusc,r

In addition, the propulsion force of the capsule endoscope is
derived as follows:

Bcosf
Bsinf

. (11)

F=F, + mgsina+ F,tan0 (12)

where F, and F, denote the x- and r-directional forces that
can be generated by MC and GSC, and m and g represent the
mass of the capsule endoscope and the acceleration of gravity,
respectively. When the relations of (7) and (9) are applied to (12),
the relationship between F, and F, and g, can be derived as
follows:

MV sin 6 (—0.5g,,, — 2.4398 gusc) — mgsina

tan 6 =
an MV cos 0(gm + Gasc)

13)
(14)

mg sin a
3.4398

Second, Fig. 4(b) illustrates the rotational motion of the cap-
sule endoscope. When the capsule endoscope rotates on the
vector V and the gradient magnetic field is applied to V, revolu-
tion motion can be generated. The vector V denotes the virtual
revolution axis with § on the x-axis on the xy plane, and (3 on the
xy plane, and it has same unit vector as F. Therefore, the revo-
lution motion on V is generated through the following uniform

YJgsc = —0.4361 g,,, .
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magnetic field:

H,
H=|H
H,
cos(p+0) 4+ cos(p —0)  cos(p+0) —cos(p —0)
+ cos wt
2 2
=| sin (¢ +0) —sin(p —0)  sin (¢ +6) + sin(p — 0)
+ cos wt
2 2
sin e sin wt
(15)

where ¢ and w are the tilting angle and the rotational period,
respectively.

C. Helical Motion

To create the helical motion of the capsule endoscope, its ro-
tational motion should follow the direction of the central axis.
For its motion in the direction of an arbitrary vector (V), the
gradient magnetic field in the vector V should be generated
through MC and GSC, and their applied currents have the re-
lationship shown in (14). In addition, the dependent gradient
magnetic field is generated in the perpendicular direction with
the vector V, and it creates a radial force that can move out
of the perpendicular direction of the moving direction, follow-
ing the helical track. When these two motions are combined,
the capsule endoscope can move in an arbitrary direction with
a helical motion, as shown in Fig. 4(b).

IV. EXPERIMENTS

A. Experimental Setup

In order to evaluate the proposed ALICE system, an exper-
imental setup was constructed, as shown in Fig. 5. The ex-
perimental setup consisted of EMA coils, a capsule endoscope
model, power suppliers and a rotational motor, a controller, and
a position recording part with a camera. The power suppliers
were an MX12 (3EA) and 3001LX (2EA) from California In-
struments, and the rotational motor was a motor-encoder-gear
assembly (model number: 356846) from Maxon. The power
suppliers and the rotational motor were controlled by LabVIEW
2012 and the Universal Motion Interface from National Instru-
ments. For the motion control of the capsule endoscope, we used
a conventional joystick controller (Logitec, Extream 3D Pro)
and a position recording camera (Canon, 600D). The capsule
endoscope model included a permanent magnet with a cylin-
drical shape, made of neodymium (M = 955 000 A/m); it was
6 mm in diameter and 12 mm in length. In addition, the magne-
tization direction was the same as that of the axis of the capsule
endoscope model. Finally, a capsule endoscope model of § mm
in diameter and 20 mm in length was fabricated by a rapid pro-
totype method, and the permanent magnet was assembled in the
capsule endoscope model.
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Fig. 6. Frequency response of the proposed EMA system.

B. Basic Test of the EMA System

For the rotational motion of the capsule endoscope, the
ALICE system used three pairs of uniform coils (one HC and
two USCs). Through the bode plot of the uniform coils, we could
estimate the rotational motion of the capsule endoscope as the
rotating frequency increased. Fig. 6 shows the magnitude and
phase plots of the three uniform coils, which were measured by
an RLC meter (HOIKI 3522-50). Compared with the two USCs,
the HC has a worse frequency response, but together the three
coils can generate sufficient magnitude and phase of the rotating
magnetic field until 4 Hz is achieved. We therefore expected that
the capsule endoscope could be rotated by the ALICE system
in the frequency range.

To further characterize the ALICE system, we measured the
propulsion force of the capsule endoscope using a thread and
a load cell sensor. The load cell (GSO-100, Transducer Tech-
niques) had a range of 10 gf. However, because the generated
magnetic field in the EMA coils can have considerable side ef-
fects on the load cell, the capsule endoscope was connected to
the load cell using the thread. The capsule endoscope hung from
the load cell through the thread, and was placed at the center
of the generated magnetic field, and a glass tube of 20 mm in
diameter was used to hold the capsule endoscope to the z-axis.
When we changed the input current of the GSC from 0 to 10 A,
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Fig. 7. Propulsion force analysis of capsule endoscope.

with the interval of 2 A, the propulsion forces of the ALICE
system were measured and compared with the analytic values.
Fig. 7 shows the measured propulsion force and analytic force
of the ALICE system. As the input current increased, the propul-
sion force also increased steadily and the maximum propulsion
force was about 71.9 mN at 10 A (maximum input current).
However, there were some differences between the measure-
ment values and the analytic propulsion forces. It is expected
that the difference originated from the magnetization value er-
ror of the permanent magnet in the capsule endoscope and the
modeling uncertainty of the ALICE coils.

C. 5-DOF Test

First, we executed a 5-DOF Test of the capsule endoscope us-
ing the ALICE system. The capsule endoscope placed in a cubic
chamber filled with silicone oil (50cS) showed translational mo-
tions of the x-, y-, and z-axes, and rotational (tilting) motions
of the z- and y-axes, which are necessary motions for diagnosis
when using a capsule endoscope. Fig. 8 shows the top and side
views of the 5-DOF basic motions. To evaluate the steering and
propulsion performance of the ALICE system, we tested the
locomotion of the capsule endoscope on a 2-D plane. The test
bed was an acrylate plate of 85 x 75 mm?, covered by silicone
oil of 2 mm thickness, which reduced the friction between the
capsule endoscope and the bottom surface. We found that the
capsule endoscope could be aligned to the desired direction on
the 2-D plane using HC and one USC (USC-r); it could also
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Fig. 8.  Five-basic motions of capsule endoscope.
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Fig.9. Propulsion angle evaluation of capsule endoscope on a planar surface.

be propelled in the aligned direction using MC and GSC in all
angle ranges. In addition, we executed propulsion angle tests on
the ALICE system using the alignment angles of 0°, 30°, 45°,
60°, and 90°.

Fig. 9 shows the propulsion angle error of the capsule endo-
scope in the ALICE system. The average propulsion angle error
was about 3.84° and the maximum error was about 4.41°, at an
alignment angle of 60°. For a capsule endoscope, propulsion
angle errors of less than 4° are negligible in winding digestive
organs.

D. Basic Helical Motion on z-Axis

The helical motion of the capsule endoscope on the z-axis
was realized by combining the 1-D translation and the rotational
motion. As a tubular phantom in this experiment, we adopted a
glass tube with an inner diameter of 15 mm, filled with silicone
oil of 50cS. Fig. 10 shows the helical motion of the capsule
endoscope on the z-axis. A precessional uniform magnetic field
on the z-axis with a tilting angle of 20° was generated through
the HC and two USCs (USC-n and USC-r), thereby creating the
rotation of the capsule endoscope around the z-axis. When the
ascending motion of the capsule endoscope on the z-axis, using
the GSCs, was combined with its rotational motion, the helical
motion of the capsule endoscope could be realized. In partic-
ular, because of the centrifugal force of the rotational capsule
endoscope around the z-axis, the capsule endoscope was pressed
against the inner wall of the tubular phantom. This indicates that
the helical motion of the capsule endoscope could be useful for
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Fig. 10.  Helical motion of capsule endoscope in a tubular environment.

Fig. 11. Translation of capsule endoscope in a collapsed small intestine in a
water bath with 90 mm depth.

accurate diagnosis of the tubular digestive organs, such as the
esophagus, small intestine, and colon.

E. Exvivo Test

First, we tested the propulsion of the capsule in an extracted
and collapsed intestinal organ through the magnetic actuating
force, using the ALICE system. In order to set up the intra-
abdominal pressure condition, the intestine was submerged in
a water bath with 90 mm depth, where the depth of water bath
was calculated with the intra-abdominal pressure of the refer-
ence [27]. Fig. 11 shows sequential pictures of the forward and
the backward motions of the capsule endoscope. The collapsed
small intestine had a 3040 mm width, and the total moving
distance was about 80 mm. It showed an average moving veloc-
ity of 3 mm/s. Because the intestinal tract has a very slippery
surface, the propulsion force of the capsule using the ALICE
system must be sufficiently large for locomotion in the ex vivo
test using the extracted intestinal tract. For a feasibility test of a
practical procedure using the ALICE system, we tested the mo-
bility of the capsule endoscope in a real digestive organ. We used
a small intestine sample extracted from a cow; the sample length
was about 17 cm. The intestine sample was inflated to create a
similar situation to a real procedure, and a Camscope (Some-
tech Vision) was connected to the end of the sample to monitor
the motions of the capsule endoscope. Fig. 12 show time-lapse
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images of the tilting motions of the capsule endoscope on the xy
and yz planes. In addition, the capsule endoscope could revolve
on the z-axis and move back and forth. The motions of the cap-
sule endoscope using the ALICE system are clearly illustrated
in the supplementary video. Through a combination of the basic
motions of the capsule endoscope, we were able to demonstrate
the feasibility of the ALICE system for exploring real digestive
organs.

V. CONCLUSION

In this paper, we proposed the ALICE system to improve
the mobility of a capsule endoscope. Compared with previous
studies on locomotive mechanisms for capsule endoscopes, the
ALICE system realized various types of mobility and demon-
strated feasible motion for the diagnosis of digestive organs. We
proposed the EMA system using the proposed coil assembly, and
then executed basic locomotive tests for the evaluation of the
ALICE system. In addition, we proposed the helical motion of
the capsule endoscope, which is appropriate in the diagnosis of
tubular digestive organs such as the esophagus, small intestine,
and colon. Finally, through in vitro experiments, we verified the
feasibility of the ALICE system as a diagnostic apparatus. Con-
sequently, this study demonstrated the viability of a locomotive
function in a biomedical capsule endoscope. In future, if addi-
tional functions were to be developed and integrated into the
capsule endoscope, such as biopsy and drug delivery, it would
become a very powerful theranostic tool for the digestive organs.
Generally, the radius of the MRI bore is about 350-400 mm,
which is 2.5 times larger than the present EMA system. For
clinical application in humans, the EMA system should be en-
larged by 2.5 times. Therefore, for the generation of a similar
magnetic field, the uniform coils would need 2.5 times larger
currents (or number of coil turns) and the gradient coils would
need 5.66 times larger currents (or number of coil turns), com-
pared with the present EMA system. For the reliable diagnosis
and the precise positioning of an active locomotive capsule en-
doscope, its real-time localization is very important task and
ongoing research.
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Tilting, rotation, and translation motion of capsule endoscope in an inflated small intestine.
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