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Abstract—This article presents a multifunctional capsule robot
(MCR) with active locomotion, dual-drug load, and selective drug
release. The MCR has a high ratio of the volume of loaded drug to
the total volume of the capsule (RDC) and can provide sufficient
dosages for treatment. The MCR might be used to address the
limitations in robot-assisted drug delivery, greatly improving the
efficiency of intestinal disease treatment. The MCR is composed
of a locomotion unit and a drug delivery unit, and these units
are controlled by two orthogonal rotating magnetic fields. This
proposed MCR enables active locomotion to target positions and
selects to release two different drugs according to clinic require-
ments. In vitro and ex vivo experiments were conducted to evaluate
the performance of the MCR. Experimental results show that the
maximum drug loading capacity of the MCR is 1.5 g, and the max-
imum advance and retreat velocities are 11.8 mm/s and 10.4 mm/s,
respectively, when the MCR is fully loaded. The MCR can release
two different drugs in various targets and no noticeable damages
to the pig intestine were observed to the naked eyes. The MCR will
have potential further application for intestinal disease treatment.

Index Terms—Active locomotion, dual-drug delivery, intestinal
disease treatment, magnetically controlled robot, multifunctional
capsule robot (MCR).

I. INTRODUCTION

GASTROINTESTINAL (GI) endoscopy usually uses a
flexible tube with a camera inserted from the mouth or

anus to the nidus for diagnosis and treatment. It mainly consists
of the upper GI endoscopy and lower GI endoscopy. The upper
GI endoscopy can detect the esophagus, stomach, and the first
part of the small intestine (duodenum); the lower GI endoscopy
examines the colon and rectum [1]. Most intestine areas have
difficulty being tested due to the long distance from the mouth
and anus. The GI endoscopy also brings discomfort to patients
during procedures. So, wireless capsule robots have become a
promising tool for diagnosis and treatment in the intestine that
would be the most inaccessible part of the GI tract [2], [3].

Common commercial capsule robots passively move in the
intestinal tract by peristalsis and contractions of the intestine.
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Since this passive movement method lacks precise control over
the position and speed of capsule robots, the operating time and
the missed diagnosis rate will increase [4], [5]. Therefore, it is
significant to develop active capsule robots that can be manipu-
lated remotely in the intestinal tract. Many active capsule robots
are capable of being equipped with the diagnosis mechanisms
allowing the gastroenterologist to diagnose patients’ intestinal
conditions using captured images. However, patients suspected
of having intestinal diseases may need further treatment and
these capsule robots have limited applications due to the lack of
further treatment functions. Therefore, capsule robots with drug
delivery have been investigated due to the effective treatment in
the GI tract.

Nam et al. [6] developed a microrobot composed of two
rotating cylindrical magnets, four fixed cylindrical magnets, and
a helical body. Two orthogonal rotating magnetic fields along
the moving direction were used to generate axial locomotion.
This microrobot employed an external rotating magnetic field
to rotate the cylindrical magnets eccentrically and then the drug
in the slot of the front cylindrical magnets was squeezed and
discharged through the front nozzle. Kim and Ishiyama [7] pro-
posed a magnetic robot with a targeted drug release mechanism
based on active locomotion. This robot is manipulated by a
three-axis Helmholtz coil system and can conduct drug release
by two spiral components. In [8], a drug-delivery capsule was
proposed to achieve accurate drug release in the GI tract. The
capsule uses a one-way valve, two axially magnetized cylindrical
magnets, and a multilayer solenoid coil to control the drug
delivery. When the multilayer solenoid coil is activated, the
drug champer will be squeezed so that the drug flows out of
the valve. During the procedures with capsule robots, patients
need to swallow capsules, and apparently, the capsule with
smaller dimensions will be easier to be orally taken, which
is better for patient compliance. Capsules can be considered
swallowable when they are similar to 11 mm in diameter and
26 mm in length [9]. Nevertheless, released drugs need to be
guaranteed to have a sufficient dosage for treatment, which
brings a requirement on the volume of drugs loaded by capsules.
Hence, the capsule robots are required to have a high ratio of the
volume of loaded drug to the total volume of the capsule (RDC)
[10]. Most currently developed robots possess lower RDCs, such
as the RDCs of 0.16 and 0.28 in [7] and [8], respectively, while
it will be better to have an RDC of more than 0.4 for further
application [10]. Beccani et al. [11] developed a magnetic drug
delivery capsule driven by a coil actuation mechanism. The drug
release is performed by separating the drug release cage and
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drug chamber with the magnetic field. Since the mechanism has
a small size, the RDC increases to 0.6. This high RDC will allow
the capsule to load more drugs, and however, same to current
capsule robots, this capsule can only release one type of drug
while more drugs would be needed during the treatment [10]. For
example, some drugs are only effective when mixed, or different
lesions need various drugs. In the past few years, we developed
various magnetically controlled capsule robots that can move
actively in the pipe and achieve drug delivery [12]–[16]. These
capsule robots were equipped with a spiral structure or a jet
motion mechanism to achieve free movement in the tube envi-
ronment. Various methods were employed to release drugs, but
these capsule robots still had low RDCs and failed to load and
release multiple drugs. In summary, the high RDC and multidrug
delivery are two issues for the capsule robots in the article.

In this article, to overcome the limitations mentioned above,
we propose a multifunctional capsule robot (MCR) with high
DRC and selective dual-drug delivery. It can load two different
drugs, move to target positions, and release selected drugs
according to clinic requirements. The main contributions of this
article are as follows.

1) A dual-drug delivery concept was proposed and integrated
with the active capsule robot. This concept enables one
single capsule robot to perform more complex treatments
and eliminates multiple robots to release various drugs.

2) A dual-drug release mechanism was developed to perform
selective drug release. The drug release mechanism uses
two limit positions to set the release magnet’s rotation
angles instead of precise control. Besides, this method also
creates more spatial potential for drug loading and allows
capsule robots to have higher RDCs that can provide suf-
ficient dosage for treatment. With the dual-drug delivery
and high RDC, the treatment cost could be reduced and
the treatment efficiency would be improved.

3) A control method was developed to control the dual-
drug release mechanism. This control method employs
a constant magnetic field and rotating magnetic field to
determine the MCR pose and select various drugs for
release. This method achieves stable control of dual-drug
release with the open-loop control and without changing
the existing equipment and adding additional components,
thus reducing the control difficulty and improving the con-
trol reliability and adaptability to complex environments.

This article is organized as follows. Section II presents the
clinical requirement, robot design, motion analysis, dual-drug
release control, prototype, and clinic considerations of the pro-
posed MCR. Experiments evaluating the performance of the
proposed MCR, including locomotion, drug release control,
dual-drug release test, and ex vivo experiments, are detailed
in Section III. Conclusion and future work are summarized in
Section IV.

II. DESIGN OF THE MULTIFUNCTIONAL CAPSULE ROBOT

A. Clinical Requirements

During the process of treatment, various drugs are selected
and released according to different treatment requirements. It

Fig. 1. Concept of the MCR.

would be inadequate for capsule robots to load and release one
kind of drug. For example, hemostatic and anti-inflammatory
drugs are commonly needed to treat intestinal diseases and
would be regularly employed at the same time. Existing capsule
robots generally are able to carry and release one kind of drug,
such as the robots in [8] and [11]. Therefore, multiple capsule
robots will be needed and swallowed multiple times by patients
when this type of capsule robot is used for treatment. In order
to enable one single capsule robot to load multiple drugs and
then achieve selective drug release at various target positions,
multiple drug storehouses are required to be integrated into one
single capsule robot. Besides, a control mechanism for drug
storehouses needs to be developed to control the opening and
closing of the drug storehouse, so as to maintain the selective
drug release.

To provide capsule robots with active movement discussed
in Section I, power issues need to be considered [17]. Active
capsule robots can be classified as battery-powered and battery-
free ones, depending on the presence and absence of batteries
set inside the robot bodies. Battery-powered capsule robots are
equipped with motors and batteries and are able to move with
the rotation driven by the motors; battery-free capsule robots
achieve locomotion through the external driving magnetic field
and the magnet set inside the robot. Using the magnetic field
avoids harmful battery substances entering the body [17]. The
absence of batteries and internal locomotion systems allows
the capsule robot to have spatial potential that can be used for
other diagnostic and therapeutic considerations [18]. Therefore,
this battery-free mode will be chosen in this article due to the
higher safety and more space it possesses [17], [18]. Moreover,
in this article, the number of drug storehouses is set as two, and
the control principle of the two storehouses will be explored.
Therefore, the design requirements for the capsule robot include
advance and retreat of the capsule robot and independent control
of dual-drug release. As shown in Fig. 1, the desired capsule
robot carrying two drugs moves in the intestine and releases
drugs at target positions: moving to the location where treatment
is needed and releasing drug A; continuing to move to another
target position and releasing drug B.

B. Robot Design

When multiple magnets are applied in a magnetic field, they
will interfere with each other, so the number of magnets embed-
ded in the capsule robot will be limited. Reducing the number
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Fig. 2. Structure of the MCR. (a) Front view. (b) Internal structure.

Fig. 3. Structure of the drug release mechanism. (a) Front view. (b) Internal
structure. (c) Exploded view.

of magnets will facilitate the stable control of the capsule robot.
For this reason, the number of magnets in this article is set
as two: one for the advance and retreat of the capsule robot
and the other one for independent control of dual-drug release.
Besides, it will be difficult to achieve precise rotation control of
the magnet inside the capsule robot due to the complex intestine
environment. Therefore, it is necessary to develop a suitable
mechanism that can complete independent control of dual-drug
release only using a single magnet.

In this article, two magnets are used and set at the ends of
the capsule robot and their axes are perpendicular to each other.
One magnet, named as driving magnet, can drive the robot to
move and its axis is coaxial with the z-axis. The other one, i.e.,
release magnet, used to manipulate the drug release mechanism
achieving the release of different drugs, is coaxial with the y-axis
(see Fig. 2). The driving magnet is installed at the end of the main
body and can rotate the capsule robot when the external rotating
magnetic field is applied. The outer side of the main body
is equipped with spiral wings, which can generate propelling
force to the capsule robot when the capsule robot rotates. By
controlling the direction of the magnetic field, the forward and
reverse rotation of the capsule robot can be realized so that the
capsule robot will move forward and backward. As shown in
Fig. 3, the drug release mechanism comprises a shaft, rotating
baffle, release magnet, and grid plate. The release magnet is
installed on the shaft that is assembled in the hole set by the
rotating baffle. The rotating baffle has a spherical end and can
form a sealed fit with the grid plate. The release magnet drives the
rotating baffle to rotate and thus the relative position of the hole
on the grid plate can be adjusted according to the requirements.

Fig. 4. Diagram of drug release process. (a) Capsule robot loading drugs A
and B, and the rotating baffle located at the median position of the grid plate.
(b) Side view of (a). (c) Drug A released from compartment A. (d) Side view of
(c). (e) Drug B released from compartment B. (f) Side view of (e).

As shown in Fig. 4, the main body of the MCR is divided into
compartment A and compartment B through a film. Compart-
ments A and B are used to hold different drugs, i.e., drugs A and
B. The drug release mechanism is installed at the end of MCR
to realize the selective drug release. There are two grid holes on
the grid plate, and the initial position of the rotating baffle is in
the middle of the grid plate [see Fig. 4(a)]. At this position, both
grid holes are blocked by the rotating baffle and are in a closed
state. Drugs A and B will be stored in compartments A and B
without being released. When drug A needs to be released, the
release magnet will be rotated by an external magnetic field [see
Fig. 4(c)]. The release magnet keeps driving the rotating baffle
to rotate until the rotating baffle reaches the limit position. At
this time, the rotating baffle stops moving, even if the external
magnetic field is still trying to drive the release magnet to
rotate. As shown in Fig. 4(c) and (d), compartment A joins the
external environment, and drug A enters the intestine through
the hole on the grid plate. Similarly, as shown in Fig. 4(e) and
(f), the magnetic field rotates the release magnet in the opposite
direction. The rotating baffle moves to the other limit position
and compartment B joins the external environment. Drug B in
compartment B then enters the intestine through the other holes
on the grid plate.

C. Motion Analysis

When the MCR needs to move forward or backward, the
driving magnet rotates with the rotation of the rotating magnetic
field. During these processes, the driving magnet is driven by
the rotating magnetic field but is also affected by the release
magnet even if the release magnet is separated from a certain
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Fig. 5. Schematic diagram of motion analysis. (a) Locomotion. (b) Drug
release.

distance [see Fig. 5(a)]. Therefore, the resultant torque of the
driving magnet is

T rd = T d − T id (1)

where T d represents the torque exerted on the driving magnet
by a rotating magnetic field and T id indicates the torque of
the driving magnet generated by the interaction between the
driving magnet and the release magnet. Since the MCR moves
in the intestine with spatial shape, these related parameters are
all three-dimensional (3-D) vectors, e.g., T rd,T d,T id ∈ R3.
A vector denoted as T rd represents a three degree of freedom
torque such that T rd = [T rdx, T rdy,T rdz]

T with torques in
three vertical directions. T d is generated by the rotating mag-
netic field, and thus it is expressed as

T d = VdMd ×Bd (2)

where Vd represents the volume of the driving magnet, Md

means the magnetization of the driving magnet, and Bd is the
magnetic flux density of the rotating magnetic field applied to
the driving magnet. The torque of the driving magnet generated
by the interaction between the driving magnet and the release
magnet is written as

T id =
3μ0

4πs5
Md × s (M r · s) + μ0

4πs3
M r ×Md (3)

where μ0 is the permeability of the air and s represents the
distance between the driving magnet and release magnet. The
force on the edge of the spiral wing generated by the resultant
torque of the driving magnet can be calculated by

T rd = F d ×R (4)

where R is the equivalent radius of the spiral wings interacting
with the external environment. Based on these analyses and
calculations, the viscosity and rotational speed of the robot can
be obtained by combining with our previous calculations in [13].

As shown in Fig. 5(b), the rotating baffle changes the position
relative to the grid plate to achieve the drug release and the
rotation is affected by three types of resistances, which are
generated by the driving magnet, the film, and rotation friction.
The resultant torque of the release magnet can be expressed as

T rr = T r − T ir − T rf − T f (5)

where T r is the torque exerted on the release magnet by a
rotating magnetic field, T ir indicates the torque of the release
magnet generated by the interaction between the driving magnet
and the release magnet, T rf is the resistance torque generated
by the film during its motion with the rotating baffle, and T f

represents the friction torque generated during the rotation. The
torque exerted on the release magnet by a rotating magnetic field
is

T r = VrM r ×Br (6)

where Vr is the volume of the release magnet, M r indicates the
magnetization of the release magnet, and Br is the magnetic
flux density of the rotating magnetic field applied to the release
magnet. The torque of the release magnet generated by the
interaction between the driving magnet and the release magnet
is written as

T ir =
3μ0

4πs5
M r × s (Md · s) + μ0

4πs3
Md ×M r. (7)

During the process of drug release, the rotating baffle starts
to rotate from a static status with the rotation of the rotating
magnetic field, and it will have the same rotational speed as
the rotating magnetic field after acceleration. Then the rotating
baffle rotates to the required positions with the rotating magnetic
field. The parameters during the acceleration can be calculated
by [

α
ω · ω

]
=

[
1
JT rr

2θ ·α
]

(8)

where α is the angular acceleration of the rotating baffle, J is
the equivalent moment of inertia of the rotating baffle (including
the release magnet, shaft, etc.), ω is the angular velocity of the
rotating baffle, and θ is the rotation angle of the rotating baffle.
The MCR has spatial motion parameters as it advances in the
intestine and these motion parameters can be obtained by the
above equations with vectors belon ging to R3.

D. Dual-Drug Release Control

Due to the complex environment in the intestine, it is difficult
to achieve precision control of the movement of the capsule
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Fig. 6. Drug release control. (a) Flowchart of the control method for the drug release. (b) Process diagram of the drug release control. Us is the control voltage
sent from the control panel when surgeons operate, Up is the driving voltage of the Helmholtz coils, Bp is the magnetic flux density of the constant magnetic field,
and Mp is the torque applied to the MCR; Ur is the control voltage used for drug release, Br is the magnetic flux density of the rotating magnetic field, and Mr

is the torque for drug release; and Ul is the control voltage used for pose locking, Bl is the magnetic flux density of the constant magnetic field for pose locking,
and Ml is the torque for pose locking.

robot. Some common methods, for example, the closed-loop
control, need additional instruments/sensors to obtain feedback
signals, thus increasing the manufacturing difficulty and cost and
decreasing the RDC of capsule robots. Therefore, there are three
considerations for the drug release control: no modifications to
existing equipment; no additional components; and using open-
loop control to achieve the dual-drug release. In this article,
based on the proposed drug release mechanism, a control method
for the MCR is presented to achieve dual-drug release. This
method uses one-directional Helmholtz coils, e.g., x-Helmholtz
coils, to adjust the pose of the MCR, and adopts the other two
Helmholtz coils, e.g., y- and z-Helmholtz coils, to control the
drug release mechanism. The flowchart of the control method is
shown in Fig. 6(a).

The x- or y-Helmholtz coils generate a constant magnetic field
when surgeons operate the control panel and the MCR start to
adjust its pose with the torque Mp produced by the driving
magnet in the constant magnetic field. After this procedure,
completion of the pose adjustment should be determined for
the next operation. The judgment method we adopt is to repeat
the above process and use the orientation of the magnetic field
to ensure the completion of pose adjustment. The judgment
condition is time-that is, the pose adjustment is considered

completed after a period of time, e.g., 0.5 s. Then, the control unit
drives yz- or xz-Helmholtz coils to produce a rotating magnetic
field that controls the release magnet. The rotary direction of the
rotating magnetic field determines the type of released drugs.
The drug release mechanism was designed to have two limit
positions for selective release. As shown in Fig. 4(c), the release
magnet rotates forward and it will be stopped at the lower
limit position; the release magnet rotates in reverse and then
is halted at the upper limit position [see Fig. 4(e)]. During this
procedure, the release magnet keeps driving the rotating baffle
to rotate without any feedback, and different drugs are released
when the rotating baffle reaches various limit positions. There
is no need to accurately control the release magnet’s rotation
angle, which reduces the difficulty of control and improves the
control reliability and adaptability to complex environments.
Moreover, to improve the stability of pose maintenance during
drug release, a constant magnetic field can also be produced
to lock the MCR pose and this operation is similar to the pose
adjustment [shown in the dashed box of Fig. 6(a)]. During drug
release, the rotating magnetic field and constant magnetic field
are produced by different Helmholtz coils and there will be no
conflict of usage requirements for Helmholtz coils. Therefore,
this method realizes stable control of dual-drug release with the
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Fig. 7. Proposed robot system. (a) Manufactured components. (b) Assembled
MCR. (c) System overview.

open-loop control and without changing the existing equipment
and adding additional components.

Fig. 6(b) shows an example of this control process. In the
beginning, the MCR pose is random, i.e., the direction of the
release magnet axis relative to the magnetic field is unknown. In
the pose adjustment, a constant magnetic field in the -y-direction
is generated by y-Helmholtz coils and the MCR will rotate
around the z-direction. The MCR pose is then determined and the
axis of the release magnet is in the y-direction. Then, during the
dual-drug release, x- and z-Helmholtz coils produce a rotating
magnetic field around the y-direction and the release magnet
rotates around the y- and y-directions to release various drugs.

E. Prototype and Robot System

The proposed MCR was fabricated by 3-D printing and as-
sembled manually in the laboratory. The prototype is shown in
Fig. 7(a) and (b). A cylindrical magnet (NO260, NeoMag, JP)
is used as the driving magnet while the other magnet (NOR047,
NeoMag, JP) works as the release magnet. The assembled robot
has the dimensions of Φ14 mm × 28.9 mm and and an RDC of
0.46 and weighs 3.47 g. The dimensions could be further opti-
mized based on clinical requirements and the types of magnets
would be changed accordingly. The generated torques for the
driving magnet or release magnet can be adjusted by changing
the magnetic flux density of the rotating magnetic field and thus
the required torques for robot motion or drug release will be
obtained when the magnetization of the driving magnet changes
with the replacement of different types of magnets. Fig. 7(c)
shows the overview of the robot system. A magnetic navigation
unit, consisting of x-directional Helmholtz coils, y-directional
Helmholtz coils, and z-directional Helmholtz coils, is used to
generate magnetic fields. Specifications of the magnetic nav-
igation unit are given in Table I. Operators input the control

TABLE I
SPECIFICATIONS OF THE MAGNETIC NAVIGATION UNIT

Fig. 8. Diagram of the upgraded robot system.

information through the control panel and the control informa-
tion is then transferred to the voltage signals through the control
unit. With these voltage signals, the magnetic navigation unit
generates specific rotating magnetic fields when it is powered
by the power unit and then the required motion of the robot will
be achieved.

F. Clinical Considerations

In future clinical applications, the proposed robot system
needs to be upgraded and integrated with the clinical envi-
ronment. The possible diagram of the upgraded robot system
is shown in Fig. 8. The upgraded robot system is composed
of a magnetic navigation system and operating system. The
magnetic navigation system comprises three sets of Helmholtz
coils similar to the magnetic navigation unit in Fig. 7(c), but can
produce magnetic fields with greater intensities. Gastroenterol-
ogists manipulate capsule robots through the operating system.
The proposed MCR will also be able to capture the intestinal
image when a camera is assembled in the cover (see Fig. 2). In
the treatment procedures, patients swallow the MCR and then lie
down in the magnetic navigation system on an operating table.
The MCR can be remotely controlled by gastroenterologists
through the operating system.

The surface of the MCR is not that smooth due to the spiral
wings set on it. These spiral wings may rub against the surface of
the tissue and cause damages. The gaps between spiral wings can
be filled with edible and soluble materials, such as ice, gelatin,
and soluble sugar. Thus the surface of the MCR would be much
smoother and is easy to swallow without damage to the tissue,
and the spiral wing can return to the original shape and generate
the driving force with rotation when the MCR enters the intestine
and the filled materials have melted. Moreover, the spiral wing
can also be made of edible and soluble materials with a long
melting time and this will eliminate the tissue injuries when the
MCR is discharged from the anus after it melts.

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on February 13,2022 at 00:52:23 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ZHENG et al.: MAGNETICALLY CONTROLLED MCR FOR DUAL-DRUG DELIVERY 7

Fig. 9. Locomotion experiments. (a) Experimental setup. (b) Bent pipes placed
on a board.

III. PERFORMANCE EVALUATION

A. Locomotion

1) Experimental Setup: The MCR moves to the target posi-
tion first with the rotating magnetic field and then starts to release
drugs. Various magnetic frequencies result in different moving
velocities of the MCR. Besides, after releasing drugs, the weight
of the robot will be reduced. MCRs with different weights will
have various moving velocities. Thus, to test the moving veloci-
ties of the MCR with various magnetic frequencies and weights,
experiments were carried out and the experimental setup is
shown in Fig. 9 (named as experiment I). The MCR was located
in a pipe with an internal diameter of 18 mm. The pipe was placed
in the Helmholtz coils that generate magnetic fields to drive the
MCR. A laser displacement sensor (LK-500, KEYENCE, JP)
was used to assist the moving velocity measurement. Start and
stop lines were marked in the pipe and the MCR moved from
the start line to the stop line. The laser displacement sensor was
positioned near the stop line and can output readings when the
MCR moved to the stop line. The Helmholtz coils and the laser
displacement sensor were turned on simultaneously. When the
MCR moved to the stop line, i.e., moving forward, the readings
of the laser displacement sensor changed and the moving time
was then obtained based on this. The moving velocities of the
MCR were calculated through the moving displacement and
time. Similarly, the MCR moved from the stop line to the start
line, i.e., moving backward, and the moving velocities were also
calculated. The magnetic frequency for every single movement
was set as 1 HZ with 1-HZ increment over a range of 8Hz,
and each moving velocity of the MCR with the corresponding
magnetic frequency was calculated. Besides, the MCR loading
drugs of various weights was used for these measurements. The
drug weights were set as 0, 0.5, 1, and 1.5 g since the MCR
is able to load up to 1.5 g of drugs. Every measurement was
repeated ten times and the standard deviations were calculated.

Additionally, to evaluate the movement performance of the
MCR in the bent route, similar experiments were carried out in
pipes with various radii of curvature (named as experiment II).
Pipes with different radii of curvature were fabricated and placed
on a board. As shown in Fig. 9(b), the bent pipe has the same
internal diameter as that in experiment I and was placed in the
Helmholtz coils during the experiments. The radii of curvature of
the pipes were set as 225, 175, 125, 75, and 25 mm. The magnetic
frequency was set as 4 Hz. The experimental procedures, data

Fig. 10. Moving velocities of the MCR with various loads and magnetic
frequencies. (a) MCR moving forward. (b) MCR moving backward.

acquisition, and processing methods were the same as those in
Experiment I.

2) Results and Discussion

The moving velocities of the MCR loading drugs of various
weights and driven by magnetic fields with different frequencies
were calculated and shown in Fig. 10. The maximum advance
velocities of the MCR loading drugs of 0, 0.5, 1, and 1.5 g, are
18.3, 15.6, 14.6, and 11.8 mm/s, respectively. The maximum
retreat velocities of the MCR loading drugs of 0, 0.5, 1, and 1.5 g,
are 16.8, 14.9, 13.3, and 10.4 mm/s, respectively. The curve
trend indicates that the MCR has great velocities when mag-
netic fields with larger frequencies are applied. This is mainly
because magnetic fields with larger frequencies produce great
rotary velocities that result in more significant moving velocities.
However, this trend of velocity increase with magnetic frequency
growth is effective in a certain range. As we discussed in the
previous research [13], every MCR has a step-out frequency and
it cannot start to rotate when the magnetic frequency is larger
than this frequency. As shown in Fig. 10, the velocity of the
MCR with a drug of 1.5 g is 0 when the magnetic frequency is
6 Hz since the step-out frequency of the MCR with a load of
1.5 g drug is less than 6 Hz. Besides, advance velocities have
great values than retreat velocities because the shape of the cover
differs from that of the drug release mechanism [see Figs. 2 and
Fig. 4], and they will produce various resistance when the MCR
moves forward and backward.

Fig. 10 shows that heavier drugs reduce the moving velocities
of the MCR. For example, the advance velocities of the MCR
loading drugs of 0, 0.5, 1, and 1.5 g, are 14.3, 13.2, 12.1, and 10.2
mm/s, respectively, when the magnetic frequency is 4 Hz. This
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Fig. 11. Moving velocities of the MCR driven by a magnetic field of 4 Hz
in pipes with various radii of curvature. (a) MCR moving forward. (b) MCR
moving backward.

tendency is mainly due to the fact that 1) great weight brings in
bigger frictions with the pipe that hinders the movement of the
MCR, and 2) great weight will increase the moment of inertia
of the MCR, which is not conducive to the rotation. Although
the weight of loaded drugs affects the moving velocity of the
MCR, this impact is not that serious. Moreover, there will be a
special positioning system to assist robots in moving to the target
position during drug releases, such as camera-based positioning
or external magnetic field positioning. The robots do not rely on
the moving velocity control to complete drug releases, and thus,
the moving velocity that changes with the weight of drugs will
not affect the drug release.

In experiment II, the velocities of the MCR with various loads
in different pipes were calculated and shown in Fig. 11. In
addition, since the straight pipe used in experiment I can be
considered a pipe with an infinite radius of curvature, the data
from Experiment I were added to Fig. 11. With the comparison
of Fig. 11(a) and (b), we found the advance velocity has a larger
value than the retreat velocity in all trials. These advance and
retreat situations are similar to experiment I. The drug release
mechanism of the MCR will always produce greater resistance
to movement than the cover of the MCR in various working
conditions and environments.

Besides, the velocity of the MCR drops as the radius of
curvature of the pipe decreases. We think this is caused by the
following two reasons.

1) The axis of the curved pipe does not coincide with the
moving direction of the MCR and they form an included
angle. The resistance of the pipe to the MCR raises with
the increase of the included angle. The pipe has little

Fig. 12. Rotary speeds of the rotating baffle with various drug loadings.

resistance to the MCR when the included angle is 0°; the
MCR cannot advance as the included angle equals 90°.

2) The MCR will keep turning when it moves in the bent pipe
and this continuous steering requires additional kinetic
energy, thus resulting in lower moving velocity. [19] shows
that the minimum radius of curvature of the intestine
for humans is about 25 mm. In these experiments, the
minimum radius of curvature of the pipes is set to 25 mm,
and thus, basically, this setup could be acceptable.

These experimental results demonstrated the ability of the
MCR to move in the bent pipes that provides the possibility to
release drugs in various intestine areas.

B. Drug Release Control

1) Experimental Setup: In order to test the drug release
performance of the MCR, drug release control experiments
were conducted. The experimental setup is similar to that in
Section III-A. A pipe with the MCR is positioned in the
Helmholtz coils. The Helmholtz coils produce magnetic fields
to the drug release mechanism of the MCR. The drug release
mechanism has two limit positions and the rotating baffle can
move between them [see Fig. 4(b) and (e)]. In this article,
the angle formed by these two extreme positions is 76°. The
rotating baffle was positioned at one position and rotated to
the other position with the magnetic fields. To verify the effect
of the drug weight on the rotation of the rotating baffle, the
rotating baffle rotated with different weights of drugs. Since
the maximum drug loading capacity of the MCR is 1.5 g, the
weight of the loaded drug for each experiment was set as 0,
0.5, 1, and 1.5 g. The magnetic frequency was set as 1 Hz.
The rotary time was recorded and then the rotary speed was
calculated. Every measurement was repeated ten times and the
standard deviations were calculated.

2) Results and Discussion: Fig. 12 shows the rotary speeds
of the rotating baffle with various drug loadings. The maximum
and minimum rotary speeds of the rotating baffle are 6.25 and
5.93 rad/s, respectively. The lower rotary speed of the rotating
baffle occurred as the MCR loaded heavier drugs; the higher
rotary speed of the rotating baffle arose when the lighter drug
was carried. Drug weight affects the rotary speed of the rotating
baffle. The loaded drug exerts pressure on the rotating baffle,
and this pressure impedes the rotation of the rotating baffle. So
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Fig. 13. Experimental setup for dual-drug release test.

great drug weight results in lower rotary speed. When the MCR
is fully loaded (i.e., loading 1.5 g drug), the rotary speed is the
lowest, 5.93 rad/s. This rotary speed can ensure the MCR opens
the rotating baffle (grid plate) for drug release in 1.06 s, and this
speed would be acceptable for drug release.

C. Dual-Drug Release

1) Experimental Setup: To verify whether the MCR can
complete the dual-drug release, experiments were designed to
test the performance of the MCR moving to various target
positions to release different drugs. The experimental setup is
the same as that in the previous experiments. A pipe marked
targets A and B was used and located in the Helmholtz coils
(see Fig. 13). Two types of water, dyed red and black, used to
replace drugs A and B, were injected into compartment A and
compartment B of the MCR, respectively. Helmholtz coils were
used to produce magnetic fields with various directions to realize
different functions of the MCR. A rotating magnetic field with
z-direction [see Fig. 5(a)] was generated first to rotate the main
body of the MCR and then the MCR moved forward. When the
MCR moved to target A, it stopped and a constant magnetic field
in the y-direction was then generated. The rotating baffle started
to rotate in the clockwise direction when x- and z-Helmholtz
coils produced a rotating magnetic field around the y-direction.
The red water (drug A) was released at target A. Similarly, the
MCR moved to target B and released the black water (drug B).
All entire movements were videotaped by a camera.

2) Results and Discussion: The MCR tried to release two
types of drugs at targets A and B ten times, and it all completed
this task successfully. The video snapshots of the movement
procedure are shown in Fig. 14. The MCR released drug A at
target A and released drug B at target B. In Fig. 14(c), (d), and
(f), the released drugs A and B are not just located at targets A
and B, but spread to other places. This is because the water has
fluidity and can flow with the movement of the MCR. Before the
MCR releases the drugs, the release magnet of the drug release
mechanism needs to be adjusted in a suitable position relative to
the magnetic field, which will enable the rotating baffle to rotate
in the expected direction. In these experiments, the pose of the
MCR was adjusted by the proposed drug release control method
that eliminates the detection and accurate control of the pose. On
the other hand, the operator easily obtained the MCR position
relative to the targets and stopped the MCR near the targets since
the pipe is transparent. In practical applications, the operator can

Fig. 14. Dual-drug release procedure. (a) MCR moved toward target A.
(b) MCR stopped at target A and started to release drug A. (c) Drug A was
released and the MCR started to move toward target B. (d) MCR moved to
target B and stopped. (e) MCR released drug B. (f) MCR kept moving forward.

Fig. 15. Experimental setup for ex vivo experiments. Targets A and B were
drug release points and areas C and D were used as observation areas of intestinal
damage.

not directly obtain the position of the MCR relative to targets,
so assisted devices are needed for navigation, such as magnetic
field positioning devices and cameras. In addition, the MCR will
have more potential applications when it is integrated with other
technologies, including complex position and velocity control
[20], [21], and visual perception [22].

D. Ex Vivo Experiments

1) Experimental Setup: To test the possibility of clinical
application of the MCR, ex vivo experiments were carried out.
A pig intestine was used to simulate the human intestine. The
pig intestine was acquired from a food supplier and there is no
ethics required. As shown in Fig. 15, the intestine was placed
on a plate and the MCR could be put into the intestine from the
incision. Two targets were marked in the intestine and the MCR
was set to release two different drugs near these two targets. Red
and blue water were loaded into the MCR to replace drugs. The
experimental procedures were the same as the experiments in
Section III-C. Moreover, to evaluate the damage of the MCR
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Fig. 16. Locomotion and drug release process. (a) MCR moved to target A
from the incision of the intestine and prepared to release drug A. (b) Drug A was
released. (c) MCR moved to target B and released drug B. (d) MCR continued
to move forward.

to the intestinal wall, photos of the internal wall were taken
for comparison before and after the operation. Two areas of
the intestinal wall, located on movement path and drug release
position, i.e., areas C and D, were selected for observation.

2) Results and Discussion: The MCR completed these two
tasks and the process is shown in Fig. 16. The MCR started to
move towards target A under the rotating magnetic field for
locomotion (4 Hz). It stopped at target A when the rotating
magnetic field for locomotion was shut down [see Fig. 16(a)].
After the pose adjustment with a constant magnetic field, the
rotating magnetic field for drug delivery started to work at 1 Hz
and drug A was then released. As shown in the yellow dashed
box in Fig. 16(b), part of the instestinal wall was dyed red. After
the release, the rotating magnetic field for locomotion began
to work at 3 Hz and the MCR reached target B. As shown in
Fig. 16(c) and (d), the MCR released drug B and then moved
forward. Released drug B can be seen on the spiral wings of
the MCR that are dyed blue. In this experiment, drugs A and
B were successfully delivered at targets A and B, respectively.
These experiments show the possible ability of the proposed
MCR to perform various tasks in complex environments. The
experimental settings might not fully simulate the actual human
intestine and might not characterize the usability of the MCR
strictly, but they can be regarded as a good first approximation.

The lining of the intestine was turned out and photographed
before and after experiments. The photos of the selected areas
are shown in Fig. 17. Fig. 17(c) and (d) have a darker intestinal
wall than Fig. 17(a) and (b) since the wall was dyed with the re-
leased drugs. With the comparison of these photos, no noticeable
difference was observed to the naked eyes. This “no noticeable
difference” could not strictly demonstrate the MCR produces
no injuries to the intestine. Specific injury assessment requires
professional medical assessment, especially microscopes. The
professional medical assessment was not performed currently,

Fig. 17. Observation areas photographed before and after experiments.
(a) and (b). Areas C and D before experiments. (c) and (d) Areas C and D
after experiments.

but this elementary assessment using naked eye observation can
preliminarily show the injury level of the MCR to the intestine.
The worst situation for this “no noticeable difference” is a slight
injury to the intestinal wall. Since this kind of injury is not
visible to the naked eyes, this possible slight injury would not
seriously affect the patients’ rehabilitation or operation safety. In
addition, in these experiments, the MCR was fabricated through
3-D printing and the spiral wings on the surface of the MCR
have a high hardness that might scratch the intestinal wall. In
future applications, soft materials will be employed to fabricate
the spiral wings, which can not only further reduce the injuries
to the intestine but also facilitate the swallowing of patients.

Besides, some current capsule robots were selected and their
characteristics were given in Table II for comparison. These
capsule robots are powered by two different methods to achieve
locomotion and drug delivery, resulting in different advantages
and disadvantages. In contrast with batteries, magnetic fields
have higher safety for patients since batteries may bring potential
danger when they are in the intestine [17]. For example, in
[11], the battery activates the coils to generate huge magnetic
fields that can push and open the drug release cage. During
this procedure, a massive current is required and this would
introduce safety issues. Besides, the drug may be demanded to be
released in various positions during the treatment, which brings
a requirement on the multiple release control of one drug. Many
current capsule robots possess this multiple release control and
can release the drug multiple times when various positions need
the drug, except for the robot in [23], even though it has good
performance in incorporating both the anchoring and release
mechanism. Munoz et al. [10] indicates the importance of high
RDC as well as the minimum RDC value for the capsule robots,
and Beccani et al. [11] and the proposed MCR have achieved this
goal (i.e., RDC≥0.4), which means relatively sufficient drugs
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TABLE II
SELECTED CHARACTERISTIC COMPARISON OF CAPSULE ROBOTS

RDC: ratio of the volume of loaded drug to the total volume of the capsule.

can be loaded to ensure the effectiveness of treatment. Addi-
tionally, our proposed MCR also addresses the other limitation
mentioned in Section I, i.e., multidrug delivery. As given in Ta-
ble II, the MCR has similar dimensions to existing research, but
it still seems bigger than the required swallowable volume (i.e.,
Φ11 mm × 26 mm [9]). The dimensions of the MCR are mainly
affected by the Helmholtz coils. The Helmholtz coils used in
this article cannot generate a great-intensity magnetic field due to
their limited size and physical characteristics. Thus, based on (2)
and (6), we used permanent magnets with significant volumes,
resulting in the developed MCR with large dimensions. Since
great Helmholtz coils will be adopted in the further application,
the MCR will have small dimensions. These reduced dimensions
will allow the MCR to be much more swallowable and to pass
through pipes with smaller radii of curvature.

IV. CONCLUSION

In this article, a dual-drug delivery concept was presented, and
based on this concept, a capsule robot with selective dual-drug
delivery and a control method were proposed. The developed
robot has a high RDC and can move in the intestine and release
two different drugs at various target positions. These proposed
methods allow one active capsule robot to perform more com-
plex treatments, eliminate the use of multiple robots to complete
various drugs release, have a high RDC to load a sufficient
dosage for treatment, and have a low cost and simple structure
without modification of existing equipment. The performance
was evaluated through in vitro and ex vivo experiments and
the experiment results show good performance of this proposed
MCR. Moreover, this proposed MCR has good expansibility and
would have potential further applications when integrated with
the module capsule robots presented in our previous research
[13]. Optimizations of the dimensions, swallowability, and dis-
charge of the proposed MCR need to be carried out to meet
the clinical requirements comprehensively. In our future work,
we will complete these optimizations and test the performance
through animal experiments.
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