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Nowadays, capsule endoscope (CE) technology is highly evaluated as a promising medical apparatus for
minimally invasive diagnosis and therapy. Active locomotive capsule endoscopy (ALICE) using an elec-
tromagnetic actuation (EMA) system is one of the new state-of-the-art solutions that effectively increase
the diagnostic ability of CE. Together with a locomotive CE, there are various requests for multifunc-
tional modules that can deliver drugs or execute biopsy functions. This paper presents a drug delivery
module for ALICE using EMA, where we adopt a soft magnet due to its special physical properties. The
drug-delivery module consists of two ring-type soft magnets and a simple plastic hinge; it has a volume
of 0.78 ml, which is approximately 26% the total volume of a conventional active CE. The drug-delivery
module can be integrated with ALICE. First, the drug is encapsulated into the module by the attracting
force between two axially magnetized soft-magnetic rings. Second, ALICE with the drug delivery module
can be driven by a precisely controlled external magnetic field to investigate and situate correct drug
delivery to a target lesion. Third, at the target lesion, the external magnetic field is turned off and the two
axial magnetized soft-magnetic rings of the drug-delivery module are demagnetized. Fourth, when we
apply a strong pulsating magnetic field in a radial direction, the drug-delivery module is opened by the
repulsive force between the two radially magnetized soft-magnetic rings, and the encapsulated drug can
be released. After the drug release, the drug-delivery module can be returned to its initial shape thanks
to an integrated plastic hinge in the drug delivery module and the attracting force between two axially
magnetized soft-magnetic rings. Finally, the active CE can continue to show its intrinsic diagnostic work.
Consequently, we demonstrate the feasibility of the drug-delivery module which is integrated in ALICE.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

To date, several types of capsule endoscopes (CEs) have been
developed from the first generation of small intestinal capsules
(M2A, Given Imaging, Israel) [1] to the improved esophageal
and colonic capsules [2,3]. Recently, a later version of CE has
been widely commercialized as PillCam (Given Imaging, Israel),
EndoCapsule (Olympus, Japan), MiroCam (IntroMedic, Korea), and
OMOM (Chongging Jinshan Science and Technology Co., China).
However, CEs have a common weak point in terms of their pas-
sive locomotion, where they rely on the peristaltic motions of the
human digestive system. Due to their passive locomotion, the CEs
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might miss some abnormal lesions. As a promising solution to this
problem, an active locomotive intestinal capsule endoscope (ALICE)
was previously reported, which was driven by an external electro-
magnetic actuation (EMA) system [4].

Besides the locomotive function of CEs, different functions have
been requested by several physicians, including biopsy, pH sensing,
and drug delivery. These functions can be used for the diagnosis and
treatment of gastrointestinal (GI) diseases. In this paper, we present
a prototype of a drug-delivery function module for ALICE that can
deliver a therapeutic drug to a specific target region in the GI tract.
We expect that the ALICE with the proposed drug delivery function
module can be used for the treatment of the GI diseases. In addition,
itcanbe also applied for the drug absorption research of a therapeu-
tic drug in the GI tract, as the efficacy evaluation of the therapeutic
drug is very important and often costs the pharmaceutical industry
millions of dollars per year to carry out [5-7].
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There have been several reports on the CE drug-delivery func-
tion. First, a drug-delivery capsule using a small gas-producing cell
was proposed, where the cell was activated by a high-frequency
current induced from its oscillating circuit [8]. The activated gas-
producing cell generates sufficient pressure to push the piston
forward and release the drug from the reservoir. This system
demonstrates the feasibility of controlled drug release. However,
only 16% volume of the capsule was used for the drug loading and
the activation time for releasing a dose takes an hour. Second, an
active drug-delivery CE using a micro-thruster was reported [9];
this had a large volume for the drug loading (about 30% volume
of the CE) and a relatively fast activation time. However, because
the active drug-delivery CE does not have any locomotive func-
tion, it cannot be positioned to deliver to a specific target lesion in
an intestinal tract. Third, Stephen et al. developed a CE compris-
ing a holding or anchoring mechanism with a C-shaped tip legging
mechanism [10]. However, because the CE was composed of com-
plex and large mechanisms, it was very difficult to apply it to the
intestinal tract. In addition, the CE does not also have any loco-
motive function. Finally, Yim et al. proposed a soft-capsule with
two magnetic parts, where the two magnets were attracted to each
other with an appropriate magnetic force to keep the drug encap-
sulated inside the capsule during its traveling through the GI tract.
When the capsule reached the target position, an external mag-
netic field from the external permanent magnet was used to extract
and release the drug [11]. We found that the drug delivery capsule
includes a targeting mechanism, and at the same time, an active
drug-releasing mechanism. Therefore, it is considered as a feasi-
ble method for a drug delivery CE. Nevertheless, the drug-releasing
module can be integrated with only a soft-capsule endoscope and
it not compatible with the popular pill-shaped CEs or ALICE.

In this paper, a new platform for a drug-delivery function
module for ALICE will be presented. The ALICE with the pro-
posed soft-magnet-material-based drug-delivery module shows
advanced features of positioning controllability and drug releasing
performance due to the external magnetic field of an electro-
magnetic actuation (EMA) system. The new drug-delivery module
for ALICE can be made compatible and integrated with other
commercialized pill-shaped CEs. Through several fundamental
experiments, we will evaluate the feasibility of the drug-delivery
module integrated with ALICE.

2. Materials and methods
2.1. Active locomotive intestinal capsule endoscope (ALICE)

Considered a non-invasive procedure, conventional CEs have
been used as an excellent and safe device for diagnosis in the small
intestine and esophagus. However, because CEs locomotion is pas-
sive, relying on the peristalsis motion of digestive organs, they
cannot give a sufficient diagnosis and may have many blind spots
in other organs such as the stomach and colon. In our previous
research, as a promising solution for this limitation of CEs, we pro-
posed an active locomotive intestinal capsule endoscope (ALICE)
that consists of CEs with an integrated small permanent magnet and
an external electromagnetic actuation (EMA) system [4]. The ALICE
exhibits 5-degree-of-freedom (DOF) motions through the control
of the coil currents in the EMA system. As shown in Fig. 1, the EMA
system consists of two parts. One comprises coils for the generation
of a uniform magnetic field with a pair of Helmholtz coils and two
pairs of uniform saddle coils. The other includes coils for the gen-
eration of a uniform gradient magnetic field with a pair of Maxwell
coils and two pairs of uniform gradient saddle coils. Each coil pair is
connected to an MX12 (3EA) power supply (California Instruments,
USA) and the currents of the coils are controlled via a peripheral

component interconnect (PCI) controller with LabVIEW software
(National Instruments, USA). Thanks to the controllable magnetic
field of the EMA system, the movement, posture, and angle of ALICE
inside the digestive system can be effectively driven with 5-DOF.
In addition, for accurate diagnosis of the digestive organs, a biopsy
module for ALICE has been developed as a functional module of
CEs [12,13]. This paper will present the functional drug-delivery
module for ALICE.

2.2. Design basic specifications of the drug delivery module for
capsule endoscopy

CEs have the same shape as a large antibiotic pill and consist of
a camera and lighting LEDs, programmable electronics and power
batteries [14]. Therefore, the size of the functional modules for CEs
should be suitable for integration into the existing swallowable CEs,
which are 12 mm in diameter, 33 mm in length, or 3.0cm? [15]. The
wireless remote actuation of a drug-releasing mechanism should
consume a small amount of energy, as the available energy is lim-
ited in CEs. CEs should have an active drug-releasing function that
is independent from environmental conditions, such as pH levels,
different intestinal sizes, and disease condition. Moreover, the drug
must be safely encapsulated without any leakage before the activa-
tion of the drug-release process. It is desirable for the drug reservoir
to have a large volume ratio compared to the total volume of CEs.
Finally, the drug delivery module should be easily activated and
reliably controlled to ensure that the encapsulated drug will be
released at the targeted position, which is an important role for the
drug-delivery system required [8,16].

2.3. The drug-delivery module for the ALICE system

Fig. 1 shows a schematic diagram of the ALICE operating sys-
tem. ALICE with a drug-delivery module was placed inside the EMA
system and driven by the magnetic field generated from the EMA
system. The EMA system consists of one Maxwell coil pair, one
Helmholtz coil pair, two uniform saddle coil pairs, and two gradient
saddle coil pairs arranged perpendicularly on the X-, Y-, and Z-axes;
it can produce a uniform, gradient magnetic field inside the region
of interest (ROI). Fig. 2 introduces the novel ALICE with the drug-
delivery module. Fig. 2a presents the overall shape of ALICE with
the drug-delivery module but seems to exhibit no differences from
other CEs. The inside structure of ALICE is shown in Fig. 2b, where
the upper part is the main part of ALICE—which is the same as a
conventional CEs (camera, telemetry module, and batteries)—and
the lower part is the drug delivery module using two axial mag-
netized soft-magnetic rings. The axially magnetized soft-magnetic
rings pull toward each other to keep the encapsulated drug in ALICE.
In addition, to improve the sealing of the encapsulated drug, a layer
of hard gelatin shell was added, as shown in Fig. 2b. The axially
magnetized soft-magnet rings help to control ALICE's movement
through the external magnetic field created by EMA system. Fig. 2c
describes the drug-releasing state of ALICE, where the plastic hinge
on the system'’s shell helps the lower part connect with the main
body during the drug-releasing process and assists ALICE to return
to its original shape (Fig. 2a) after the drug release. Therefore, after
the drug is released, ALICE can continue to diagnose the diges-
tive organs. Since the drug-delivery module in ALICE was made
with two soft magnets, the drug chamber has a greater volume and
there is a higher ratio between the encapsulated drug and the ALICE
capsule volume.

Fig. 3 illustrates the detaching and attaching procedures of the
two soft magnets in the drug-delivery module. In step 1, the two
ring-type soft magnets are magnetized in the axial direction, and
the attraction force between the two soft-magnets is generated.
The attraction force is sufficient to safely store the encapsulated
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Fig. 2. (a) Normal state of ALICE, (b) Cross-sectional view of ALICE where the upper part is a normal capsule endoscope and the lower part is the drug-delivery module with

hard gelatin shells and soft magnets, (c) Drug-releasing state of ALICE.

drug inside ALICE during the diagnosis and locomotion process. In
step 2, after ALICE is situated at the target lesion position for the
drug release through a precise controlled external EMA magnetic
field, the soft magnets are demagnetized to eliminate the initial
attraction force between them through an alternating magnetic
field. To demagnetize the soft-magnet, we applied a cyclic mag-
netic field with a decreasing amplitude which repeatedly passes
the hysteresis loop of the magnetic material in the proposed drug-
delivery module. The applied magnetic field was firstly begun about
30kA/m, and then was reduced an amount of 5 kA/m at each cycle
until zero. In step 3 and step 4, the two soft magnets are detached.
When the pulse of a strong magnetic field created by the EMA
system with the Helmholtz coil and uniform saddle coil pairs is
applied in the radial direction of the drug-delivery module, the two
soft magnets are radially magnetized in step 3. Then, as shown in
step 4, a repulsive force between the two soft magnets is gener-
ated, the drug delivery module is detached, and the encapsulated
drug can be released. Finally, after the drug released, the two soft
magnets are demagnetized and a suitable magnetic field is applied
in the axial direction. Then, the attraction force between the two

soft magnets is generated and the drug delivery module is attached
and re-assembled, as shown in step 5. Then, with the drug-delivery
module, ALICE can continue the procedure of GI diagnosis.

2.4. Design of the active drug-delivery module integrating the
capsule endoscope

Considering the power limitation of the battery in CEs, the drug-
delivery module was designed to be actuated without any battery
power consumption. Thanks to the magnetization and demagneti-
zation of the soft-magnetic material, the proposed drug-delivery
module can be activated without using any battery power. We
adopted a pure iron made of more than 99.5% of iron and few impu-
rities, such as phosphorous, sulfur, and carbon. The pure iron has
a high magnetic stability, high permeability, high value of rema-
nence (about 1.45T) and high saturation magnetic induction with
a low coercivity. The intrinsic properties of the pure iron facili-
tate its various uses, such as in aviation instrumentation, electronic
tubes, electromagnetic valves, and magnetic separators. Therefore,
we selected a soft magnet of pure iron as the main part of the drug-
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Fig. 3. Principle of active detachment of the capsule to release the drug through the external magnetic field.

delivery module. As shown in Fig. 2b, two ring-type soft magnets
made of pure iron were used as the main magnets to generate the
actuation force for the locomotion of ALICE and the attaching and
detaching force for the drug-releasing mechanism.

To ensure that the active locomotion and diagnosis of ALICE
using the two soft magnets were still effective, we considered the
actuation force of ALICE with the drug-delivery module. As men-
tioned above, the EMA system consists of three pairs of magnetic
coils for a uniform magnetic field and three pairs of magnetic coils
for a uniform gradient magnetic field; ALICE’'s propulsion force
(Fpropulsion) €an be expressed as follows [4,17]:

Hpn = [gmXx — 0.5g,y — 0'5gmz]T (1)
g = 0.641 1M 2)
rm
Hg = [g,x — 2.4398g,y1.4398g,,2] 3)
ig X1
8g = 0.3286% (4)
g
2
im=1.1751<r’"> iy 5)
Tg
0.361610MVi .
Foropulsion = 235 bltoMVim (cos@l +sm9]) (6)

where V and M are the volume and magnetization of the soft-
magnets;Hpandg,, are the magnetic field and gradient of magnetic
field generated by each pair of Maxwell coils, respectively; Hgandg,
are the magnetic field and gradient of magnetic field generated
by each pair of gradient saddle coils;inandig represent the cur-
rent intensity of the Maxwell and gradient saddle coils; rpandrg
signify the coil radius of the Maxwell and gradient saddle coils;
nmandngare number of turns of Maxwell coils and gradient saddle
coils; 6 denotes the angle between the magnetization direction and
the magnetic field; and . is the vacuum permeability, specifically

o = 4m 1077 Lm,

The attraction force between the two soft magnets should be
considered to ensure the safe loading of the encapsulated drug dur-
ing other ALICE procedures. According to [18], to keep the drug
inside the chamber without leakage out of the capsule body, the
attraction force between the two magnets must be greater than 4N.
The attraction force (F) between the nearby magnetized surfaces
with the contact area A can be calculated as follows:

B2A
F 2t (7)
where A is the area of each surface, B is the flux density, and
is the vacuum permeability. Through calculations obtained using
MATLAB, the dimensions of the ring-type soft magnets were cho-
sen as an outer diameter of 5.5 mm, inner diameter of 4.5 mm, and
length of 4 mm.

As presented in Fig. 4, the final design of ALICE with the drug-
delivery module was fabricated using a rapid prototype 3-D printer
with the actual dimensions of a real CE. The prototype of ALICE
with the drug-delivery module consists of the body back and forth,
two ring-type soft magnets, the gelatin shell layer, and a plastic
hinge, as shown in Fig. 4a. Fig. 4b shows the prototype of ALICE
before assembling and Fig. 4c presents the complete prototype of
ALICE with the drug-delivery module with a pill shape of 12 mm in
diameter and 33 mm in length.

3. Experiment

3.1. Evaluation of attraction force for safe drug loading and
propulsion force for active locomotion

The attraction force for the safe drug loading and the propul-
sion force for active locomotion in ALICE with the drug-delivery
module were evaluated. The attraction and propulsion forces can
be measured using the following experimental setup. First, Fig. 5a
shows the schematics of the experimental setup for the measure-
ment of the attraction force between the two soft magnets of the
drug-delivery module in ALICE. ALICE was axially positioned and
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Fig. 5. Experiment testing the attracting force between the two parts of the drug-delivery module.

one main part was adhered to the ROI of the EMA. The other part
was connected with a load cell on a linear stage. Fig. 5b shows
the real experiment setup with the digital load cell (Advanced
Digital Force Gauges Series 5, Mark-10, USA), where the attrac-
tion force between the two soft magnets in ALICE was measured
and recorded. In addition, the attraction force between two soft
magnets can be estimated by Eq. (7). Fig. 6a shows the estimated
attraction force and measured attraction force of the two soft mag-
nets in the drug-delivery module in ALICE. As the applied current
in the Helmbholtz coil pair increases, the uniform magnetic field for
the magnetization of the two soft magnets in ALICE increases along
with the attraction force between the two soft magnets. The small
error between the calculated force and the measured force might
have originated from the error of the magnetization value (M) of
the soft magnets and the uncertainties of the EMA coil system. The
minimum attraction force for safe drug loading in CE is about 4N
[5]. Therefore, when a current of 2A was applied to the Helmholtz

coils, we obtained an attraction force of 4.23N, which is greater than
the minimum attraction force of 4N. Because we use a sufficient
strong magnetic field (30 kA/m) in our EMA system, the magnetic
flux density of the soft magnet reaches a saturation value and the
attraction force between the two soft magnets can be considered as
a constant (6.5N) which is independent from the applied currents.
Consequently, it was verified that the proposed ALICE drug-delivery
module has no risk of leakage of the encapsulated drug.

Second, the propulsion force for active locomotion in ALICE was
measured using the experimental setup shown in Fig. 5. ALICE was
axially positioned and connected with the digital load cell. Fig. 6b
shows ALICE’s estimated propulsion force and measured propul-
sion force. When we increase the applied current of the Maxwell
coil pair, the uniform gradient magnetic field increased; the propul-
sion force of the ALICE also increased. With the applied current
(15A) on the Maxwell coil pair, the maximum propulsion force
(64mN) of ALICE was generated, which was sufficiently greater than
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Fig. 6. (a) Force between two parts of the drug-delivery module with various currents applied to Helmholtz pair coils; (b) propulsion force produced by the EMA system on

the active capsule endoscope.

the maximum force (50mN) needed to overcome the viscosity and
friction force of the digestive system [19]. Therefore, we expected
that the drug-delivery module with ALICE would exhibit effective
locomotion inside the intestines.

For the evaluation of the drug encapsulation in the drug deliv-
ery module, we executed a leakage test, as shown in Fig. 7. We
adopted Calcein (Sigma Aldrich, St. Louis, MO, USA) as a simulate
drug which was filled the drug delivery module with the Calcein
(Fig. 7(a)). First, the assembled ALICE with the drug delivery mod-
ule was immersed in a bath of 50 ml pure water in EMA system
with the magnetic field of 15 kA/m for 4 h (Fig. 7(b)). Then, the con-
centration of Calcein from the solution in the bath was measured
by Varioskan Flash Spectral Scanning Multimode Reader (Thermo
Scientific, Waltham, CA, USA). The experiment was executed 10
times and the concentration of Calcein was about 0.026%, which
was correspond to about 1.80% of the filled drug in the drug deliv-
ery module. Second, the assembled ALICE with the drug delivery

module was also tested a PVC plastic tube (Fig. 7(c)). Similarly, after
the locomotion of the ALICE with the drug delivery module in the
PVC plastic tube, the drug leakage of the drug delivery module was
measured about 1.83% of the filled drug. Based on the leakage tests,
therefore, we could confirm the safe drug encapsulation for the
ALICE with the drug delivery module.

3.2. Feasibility of ALICE with the drug-delivery module in a
stomach phantom

The feasibility of the ALICE prototype was demonstrated
through an in-vitro experiment with pig’s stomach phantom. The
pig’s stomach phantom was fabricated using a pig’s stomach and
the plastic stomach phantom. Then, the pig’s stomach phantom
was placed into the region of interest (ROI) of EMA system and was
filled with water, and the ALICE prototype was put in the pig’s stom-
ach phantom, as shown in Fig. 8a. In the in-vitro experiment using
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(a) (b)

Fig. 7. Feasibility test of the safe drug encapsulation: (a) Drug-delivery module filled with Calcein, (b) ALICE prototype with drug-delivery module in a water bath inside the
EMA system, and (c) ALICE prototype with drug-delivery module during locomotion in a water PVC tube inside the EMA system.

(b)

Fig. 8. In-vitro experiment of ALICE prototype using pig’s stomach phantom. (a) Pig’s stomach phantom and installation of in-vitro experiment of ALICE prototype, and (b)
Feasibility tests of ALICE prototype, such as locomotion to a target lesion (first row), the drug-releasing (second row), and the reassembling (third row).

the pig’s stomach phantom of the ALICE prototype, we demon-
strated the locomotion to a target lesion, the drug-releasing, and
the reassembling, as shown in Fig. 8b. Instead of a real drug, a dye
was encapsulated in the drug-delivery module. During the loco-
motion of the ALICE prototype, we adopted the magnetic fields
from 10kA/m to 35kA/m and the gradient magnetic fields from
0 to 350 kA/m2. Consequently, the motion of the ALICE prototype
was mainly dependent on the intensities of the magnetic fields and
the gradient magnetic fields. In addition, for the open and close

motions of the ALICE prototype, we applied magnetic fields of about
30kA/m. Fig. 8b shows the feasibility of the locomotion and drug
release of the drug delivery module with ALICE. First, ALICE—driven
by the magnetic field generated from the EMA system—can move
from an initial position to a target lesion without any leakage of the
dye in the drug-delivery module. Second, when ALICE is positioned
at the target lesion, the drug-delivery module is activated and ALICE
is detached into two parts through its detaching mechanism. Then,
the encapsulated dye is released to the target lesion. Finally, after
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the drug release is complete, the two parts of ALICE reattach and
return to the initial state.

4. Conclusion

In this paper, we presented ALICE with an active drug-delivery
function and active locomotion. ALICE’s drug-delivery module was
driven by the interaction between the two ring-type soft magnets
and the generated magnetic field of the EMA system. The fabricated
ALICE prototype had a diameter of 12 mm and a length of 33 mm.
Through the feasibility test, it was shown that the drug-delivery
module with ALICE could move to a targeting region and demon-
strate the positioning to a target lesion. Therefore, ALICE with the
drug-delivery module can provide a powerful tool for surgeons in
the treatment of diseases of the digestive system. ALICE with the
drug-delivery module allows a non-invasive operation and an easy
and quick active-releasing mechanism. Therefore, it has the poten-
tial to bring about great benefits in pharmaceutical studies, where
the evaluation of drug absorption is a fundamental component in
the development of new medications.
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