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Multimodular Capsule Robot System With Drug
Release for Intestinal Treatment

Lingling Zheng , Shuxiang Guo , Fellow, IEEE, and Masahiko Kawanishi, Member, IEEE

Abstract—Capsule robots have the potential for intestinal
treatment due to their unique advantages compared with
traditional diagnosis and treatment. However, current cap-
sule robots can only carry and release one type of drug,
while more drugs would be needed during the treatment.
In addition, the volume of loaded drugs will be restricted due
to the small dimensions of the capsule robot, and released
drugs need to be guaranteed to have a sufficient dosage
for treatment. In this article, to overcome these limitations,
a system was proposed, and the robot consists of a leader
robot module and several robot modules. Each robot module
can load two types of drugs, and any two robot modules can
achieve docking and separations according to the clinical
requirements. Laboratory experiments were carried out to evaluate the performance. The experimental results show
that the robot modules can move with speeds of 28.5, 25.1, 22.3, and 14.5 mm/s when they load drugs of 0, 0.6, 1.2,
and 1.8 g, respectively. Ex vivo experiments demonstrated that two robot modules could dock and separate from each
other and release drugs at target positions and did not cause damage to the lining of the intestine. This proposed
multidrug modular capsule robot could prove a reference for drug release and control and have the potential for further
applications.

Index Terms— Capsule robot, intestinal treatment, magnetically controlled robot, multiply drug releases.

I. INTRODUCTION

SMALL intestine disease is an ever-increasing clinical
problem threatening people’s health since more people

adopt unhealthy lifestyle habits [1], [2]. The small intestine is
located in the middle of the digestive tract, close to 7 m long
and far away from the mouth and anus, so it is difficult to
observe and diagnose [3]. However, with the advancement of
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endoscopy equipment and technology, significant progress has
been made in diagnosing and treating small intestine diseases.

Nowadays, capsule endoscopy and enteroscopy are common
medical processes for diagnosing and managing small intestine
disorders, and these two technologies can be used alone or
in combination [4]. By combining these two technologies,
capsule endoscopes can provide preliminary detection image
information, which can help enteroscopy confirm the lesions’
position to perform further treatment procedures [5]. How-
ever, some problems still need to be solved in the clinical
procedure by using capsule endoscopy and enteroscopy to
diagnose and treat small intestine diseases. First, the capsule
endoscope is limited by its volume, making it hard to add other
functions besides image collection and transmission. Second,
colonoscopy has the risk of complications and perforation,
and the implementation process will bring discomfort to the
patient. Third, if two technologies are used simultaneously,
medical procedures will become complicated, and their func-
tions have part of overlap. It wastes medical resources and
increases the financial burden of patients. Therefore, many
research groups focus on developing functional capsule robots
to combine capsule endoscopy and enteroscopy advantages.

Active locomotion or anchoring is one of the essential
functions of the capsule robot design that allows the posi-
tion to be controlled when the capsule robot travels in
the intestine [6], [7]. It helps the capsule robot adjust the
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Fig. 1. Design details of multidrug modular capsule robot modules. (a) Leader robot module. (b) Follower robot module. (c) Driving mechanism.
(d) Internal structure of the main body. (e) Drug release mechanism.

field of view as desired and stay around a specific loca-
tion to increase inspection accuracy [8]. In addition, drug
delivery is one of the basic treatment functions of the cap-
sule robot design during intestinal disease surgery [9], [10].
Therefore, many multifunctional capsule robots with active
locomotion and drug delivery have been developed [11], [12],
[13], [14], [15]. Nam et al. [12] proposed a magnetic helical
robot that can release a drug to a targeted area and perform an
active movement in tubular environments of the human body.
Munoz et al. [13] presented a capsule robot manipulated by
the external magnetic system made of an array of 24 arc-
shaped permanent magnets. This capsule robot can achieve
targeted drug delivery through an onboard drug release mech-
anism that can be actuated at any position. Nguyen et al. [14]
proposed a robotic capsule endoscope with a delivery module
that can actively move to the target region to treat digestive
diseases. Song et al. [15] proposed a novel capsule robot
that magnetically actuated anchoring and drug release in the
lower gastrointestinal (GI) tract. In previous research, we have
developed a series of capsule robots to achieve active move-
ment and drug delivery functions [16], [17], [18], [19], [20].
Guo et al. [16] presented a push-type capsule robot equipped
with a piston, spring, drug compartment, and magnetic lock.
The magnetic lock of the robot can be released; then, the piston
is squeezed out of the drug chamber by the combination of the
spring force and the attraction of the magnet. Guo et al. [17]
designed a robot module, and Wang et al. [18], [19] pro-
posed a drug-sustained release minirobot (DSM) to spray the
medicine in the medicine warehouse to the designated position.
The robots equipped two radially magnetized magnets rotating
along the thin rod and used the repulsive or attraction force
between the magnets to squeeze the medicine from the drug

delivery port. All the above capsule robots can only carry and
release one type of drug, while more drugs would be needed
during the treatment. Moreover, released drugs need to be
guaranteed to have a sufficient dosage for treatment, which
brings a requirement on the volume of drugs loaded by cap-
sules. Hence, capsule robots are required to be equipped with
more types and quantities of loaded drugs. These problems
introduce application restrictions for capsule robots.

In this article, to overcome the limitations mentioned above,
we propose a multidrug modular capsule robot system. The
multidrug modular capsule robot system consists of several
capsule robot modules, as shown in Fig. 1, and these modules
have independent functions and cooperation. The proposed
module is able to load two types of drugs and achieve
docking and separation with the other modules. Compared to
the previous studies, the proposed multidrug modular capsule
robot system has the following advantages. The multimodular
capsule robot system provides a new method for expanding the
inspection and treatment functions of the capsule endoscope.
The proposed capsule modules have multifunction, includ-
ing active movement, drug delivery, docking, and separation.
Munoz et al. [13] and Nguyen et al. [14] move through the
intestinal tract in the passive mode under the gastrointesti-
nal peristalsis and Song et al. [15], Guo et al. [16], [17], and
Wang et al. [18], [19] did not equip with multifunctional
mechanisms besides the drug release and active movement
mechanism. Moreover, the system can carry multiple drugs
to the target location, and each module is able to take two
types of drugs. By increasing the number of modules of
the system, the limitation of the drug‘s amount and types
can be broken through. Nam et al. [12], Munoz et al. [13],
Nguyen et al. [14], Song et al. [15], Guo et al. [16], [17], and

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on August 15,2023 at 07:54:03 UTC from IEEE Xplore.  Restrictions apply. 



18570 IEEE SENSORS JOURNAL, VOL. 23, NO. 16, 15 AUGUST 2023

Wang et al. [18], [19] proposed that capsule robot can only
release one kind of drug, and the dose is limited by its size.

This article is organized as follows. Section II presents the
methodology of the proposed multidrug modular capsule robot
system, including workflow, design details, mechanical anal-
ysis and control, and prototype. Experiments evaluating the
performance of the proposed system, including locomotion,
docking and separation, and drug delivery, are detailed in
Section III. Section IV describes the ex vivo experiments. The
conclusion and future work are summarized in Section V.

II. METHODOLOGY

A. Workflow
As shown in the Abstract, the multidrug modular capsule

robot consists of several capsule robot modules and the robot
modules can move along the intestine with the control of the
magnetic field. They move to the target position that needs
to be treated and then released drugs. Since various drugs
are required for some treatments, different robot modules
will be controlled to release various drugs or more dosages
at the target position. When more robot modules are used,
navigating them one by one to the target position will increase
the treatment difficulty and time. Thus, these robot modules
are designed to be able to dock and separate with each other
according to the requirements. Based on this design concept,
one robot module is employed as the leader robot module, and
the other robot modules work as the follower robot modules.
The leader robot module can be potentially equipped with
cameras that can capture images of the intestine interior. With
captured images, the operators can see the internal intestinal
conditions and adjust the movement speed and direction of
the robot modules, thus improving the navigation efficiency
and accuracy. The leader robot module is the basic module
for navigation and preliminary treatment; the follower robot
modules are used to load various drugs for further treatment.

B. Design
As shown in Fig. 1(a) and (b), the leader robot module

consists of a claw mechanism, main body, and camera. Since
the camera needs to be powered wirelessly and we have
not conducted the wireless power supply technology, in this
research, we integrate the drug release mechanism into the
leader robot module. Based on the design concept, cameras can
be set in the leader robot module to replace the drug release
mechanism in future work. The follower robot module com-
prises a claw mechanism, main body, drug release mechanism,
and thread mechanism. The main body has circular threads
on its surface. The circular threads and the driving magnet
work together as a moving mechanism [see Fig. 1(c)]. The
driving magnet drives the main body to rotate when an external
magnetic field is applied. With the rotation of the circular
threads, the robot module can move forward or backward. The
moving mechanism provides the propulsive force and enables
the robot module to move to the target position.

Fig. 1(d) shows the internal structure of the main body,
including section views along the planes xy and yz. The main
body consists of five compartments. Compartments A and

Fig. 2. Docking and separation. (a) Two robot modules move toward
each other, (b) with the decrease of the distance, the thread mechanism
enters the claw mechanism and completes the docking, (c) in order to
achieve the separation, two robot modules rotate in opposite directions,
and (d) after separation, two robot modules move separately.

B, used to load various drugs, are separated by the film.
The driving magnet that can rotate the main body is set
in compartment C. Compartments D and E are designed to
install the claw mechanism and the drug release mechanism,
respectively. The main body provides a platform and integrates
all the mechanisms into a whole robot module.

As shown in Fig. 1(e), the drug delivery mechanism is
composed of a releasing magnet and switching baffle. The
position of the switching baffle can be changed by the rotation
of the releasing magnet. The end cover has two vents that form
different working statuses with the switching baffle. When the
switching baffle moves to the upper limit position, the upper
vent is sealed and the lower vent is open. At this time, the drug
can be released from the lower vent. When the switching baffle
moves to the lower limit position, the lower vent is sealed
and the upper vent is open. At this time, the drug can be
released from the upper vent. Different vents connect various
compartments that load various drugs, and thus various drugs
can be selected and released. When the switching baffle is
located in the middle position, two vents are all sealed and no
drugs will be released. Therefore, the drug delivery mechanism
can release various drugs at desired targets according to the
clinical requirements.

The claw mechanism has four claws that are arranged in a
ring and form a hole in the center. The hole has threads and can
engage with the thread mechanism. Fig. 2 shows the process
of docking and separation. In order to achieve the docking,
two robot modules move toward each other. The thread mech-
anism can enter the claw mechanism because the propulsive
force makes the claws move outward. These two mechanisms
cannot separate due to the characteristic of the annular claws.
To achieve the separation, these two robot modules rotate in
opposite directions and then the thread mechanism turns out
of the claw mechanism. Moreover, the proposed docking and
separation mechanism can help the capsule robot system move
in a curved path. The docking and separation mechanism uses
the engagement of the claw mechanism and thread mechanism
to provide the docking force. The angle formed by the docking
robot modules can be adjusted by modifying the radius of
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Fig. 3. (a) Robot module performs locomotion with the rotating
magnetic field around y-direction. (b) Releases drugs with the rotating
magnetic field around the z-direction.

Fig. 4. Various types of robot modules with different step-out
frequencies.

curvature in the thread mechanism. The docking modules
will have an angle with the central axis, which helps them
pass through the curved intestinal tract. The calculation and
modeling of the turning angle are introduced in [22].

C. Locomotion and Drug Release Control
The multidrug modular capsule robot is remotely controlled

by the external magnetic field, and when various external
magnetic fields apply, the multidrug modular capsule robot
can achieve different working states. As shown in Fig. 3(a),
in order to achieve locomotion of the robot module, a rotating
magnetic field around the axial direction of the robot module
(y-direction) is generated, and then the robot module will
rotate and move since the driving magnet in the main body
of the robot module is subjected to the rotational force with
the rotating magnetic field. However, when multiple robot
modules are used simultaneously, there will be a challenge for
this control method because magnets in other robot modules
will also be applied with the rotational force when robot
modules move in the intestine close to each other and the axes
of the robot modules are almost in a straight line, as shown
in the Abstract To address this challenge, we developed the
robot module with various weights and structures, as shown in
Fig. 4. These robot modules have different thread structures,
thread numbers, and thread angles, which result in various
moments of inertia. Therefore, these robot modules have
different step-out frequencies that allow the robot modules
to be controlled separately [21], [22]. When the applied
magnetic field rotates slowly, the microrobots synchronously
rotate with the field. When the magnetic control robot is oper-
ated above one frequency (the frequency requiring the entire
available magnetic torque to maintain synchronous rotation),

Fig. 5. Schematic of mechanical analysis.

the velocity of the robot dramatically declines. This frequency
is the “step-out” frequency.

To achieve the drug release, a rotating magnetic field
around the z-direction is generated and applied to the releasing
magnet. The releasing magnet drives the switching baffle to
rotate and then one drug will be released from the vent
[see Fig. 3(b)]. However, similar to the locomotion control of
multiple robot modules, the releasing magnets in various robot
modules will interfere with each other in the same rotating
magnetic field. To address this issue, we propose installing the
driving magnets with different phase angles relative to the axes
of the releasing magnets. With this method, when one drug
release mechanism needs to be controlled, a constant magnetic
field, for example, around the x-direction, is generated, and
all the robot modules will rotate at a special angle, thus
resulting in all the releasing magnets with various angles
relative to the z-direction. Based on the various angles relative
to the z-direction, drug release mechanisms can be controlled
separately by using rotating magnetic fields around various
directions.

D. Mechanical Analysis
In order to control the drug release mechanism in the leader

robot module, a rotating magnetic field is applied to the releas-
ing magnet and the releasing magnet can provide a driving
torque for the drug mechanism. During the drug release, the
driving magnet in the leader robot module will exert a force
on the releasing robot since they are permanent magnets that
produce magnetic fields. In addition, the resistance torques
generated by the film and frictions will also apply to the
releasing magnet. Therefore, the resultant torque applied to the
releasing magnet in the leader robot module can be expressed
as (see Fig. 5)

T lr = T lrm − T ldr − T lf − T ff (1)

where T lrm is the torque exerted on the releasing magnet in the
leader robot module by the rotating magnetic field, T ldr means
the resistance torque generated by the interaction between the
driving magnet and the releasing magnet in the leader robot
module, T lf indicates the resistance torque generated by the
film, and T ff is the resistance torque generated by the frictions.
In this research, the bold parameters are 3-D vectors since
all the robot modules move in the intestine with 3-D shapes.
The torque exerted on the releasing magnet by the rotating
magnetic field can be obtained by

T lrm = Vlrm M lrm × Blrm (2)

where Vlrm is the volume of the releasing magnet in the leader
robot module, M lrm is the magnetization of the releasing
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magnet in the leader robot module, and Blrm means the
magnetic flux density of the rotating magnetic field applied to
the releasing magnet in the leader robot module. The resistance
torque generated by the interaction between the driving magnet
and the releasing magnet in the leader robot module can be
written as

T ldlr = AL−3
ldlr M ldm×M lrm + 3AL−5

ldlr M lrm

× Lldlr (M ldm · Lldlr) (3)

where A is a constant and equals µ0/4π , in which µ0 means
the permeability of the air, M ldm is the magnetization of the
driving magnet in the leader robot module, and Lldlr represents
the distance between the driving magnet in the leader robot
module and the releasing magnet in the leader robot module.
Actually, the releasing magnet in the leader robot module
also interacts with the driving/releasing magnets in both the
follower robot module and the second-follower robot module.
We did not give the equations indicating these resistance
torques in this research since they are small, but they can
be obtained by referencing (3) for further consideration. The
equations indicating these small resistance torques were also
omitted in the following analysis.

When a rotating magnetic field is applied to the driving
magnet in the leader robot module, the driving magnet over-
comes resistance torques and rotates to achieve locomotion.
The resultant torque applied to the driving magnet in the leader
robot module is

T ld = T ldm − T lrld − T frld − T ff (4)

where T ldm is the torque exerted on the driving magnet in the
leader robot module by the rotating magnetic field, T lrld means
the resistance torque generated by the interaction between
the releasing magnet and driving magnet in the leader robot
module, and T frld means the resistance torque generated by the
interaction between the releasing magnet in the follower robot
module and the driving magnet in the leader robot module.
The torque exerted on the driving magnet in the leader robot
module by the rotating magnetic field can be expressed as

T ldm = Vldm M ldm × Bldm (5)

where Vldm is the volume of the driving magnet in the leader
robot module and Bldm means the magnetic flux density of
the rotating magnetic field applied to the driving magnet
in the leader robot module. Similarly, the resistance torques
generated by the interaction between two magnets can be
obtained by

T lrld = AL−3
ldlr M lrm × M ldm + 3AL−5

ldlr M ldm

× Lldlr (M lrm · Lldlr) (6)

T frld = AL−3
ldfr Mfrm × M ldm + 3AL−5

ldfr M ldm

× Lldfr (Mfrm · Lldfr) (7)

where Mfrm is the magnetization of the releasing magnet in
the follower robot module and Lldfr represents the distance
between the driving magnet in the leader robot module and
the releasing magnet in the follower robot module.

Similarly, the releasing magnet in the follower robot module
will be applied with propulsive torque by the rotating magnetic

field (T frm), resistance torque produced by the interaction
between the driving magnet in the leader robot module and
the releasing magnet in the follower robot module (T ldfr),
resistance torque generated by the interaction between the
driving magnet in the follower robot module and the releasing
magnet in the follower robot module (T fdfr), and resistance
torque produced by the film and friction. The relations between
them and the calculation equations can be written as

T fr = T frm − T ldfr − T fdfr − T lf − T ff (8)
T frm = Vfrm Mfrm × Bfrm (9)

T ldfr = AL−3
ldfr M ldm × Mfrm + 3AL−5

ldfr Mfrm

× Lldfr (M ldm · Lldfr) (10)

T fdfr = AL−3
fdfr Mfdm × Mfrm + 3AL−5

fdfr Mfrm

× Lfdfr (Mfdm · Lfdfr) (11)

where Vfrm is the volume of the releasing magnet in the
follower robot module, Mfdm is the magnetization of the
driving magnet in the follower robot module, and Bfrm means
the magnetic flux density of the rotating magnetic field applied
to the releasing magnet in the follower robot module. The
resultant torques applied to the other driving/releasing magnets
can be calculated by similar analyses and equations presented
above.

During the drug release, the releasing magnet rotates 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 switching baffle rotates to
the required positions with the rotating magnetic field. The
parameters during the acceleration can be calculated by[

αdr
ωdr · ωdr

]
=

 1
Jdr

T dr

2θ dr · αdr

 (12)

where αdr indicates the angular acceleration of the drug
release mechanism, Jr is the equivalent moment of inertia of
the drug release mechanism, ωdr is the angular velocity of
the drug release mechanism, θ dr is the rotation angle of the
switching baffle, and T dr means the resultant torque applied
to the releasing magnet. T dr is the torque calculated through
(1) or (8). As for the locomotion of the robot modules, the
viscosities and rotational speeds of the robot modules can be
obtained by substituting the resultant torques applied to the
driving magnet calculated above into our previous calculations
in [21].

E. Prototype
The multidrug modular capsule robots were fabricated

through 3D printing and assembled in the laboratory. Fig. 6(a)
shows three selected types of multidrug modular capsule
robots. The leader robot module has dimensions of 817 ×

35.2 mm and all the follower robot modules have the same
dimensions of 817 × 39.5 mm. All the multidrug modular
capsule robots employ the same driving magnets and releasing
magnets. A cylindrical magnet (NO260, NeoMag, JP) is used
as the driving magnet, while the other magnet (NOR047,
NeoMag, JP) works as the releasing magnet. The dimensions
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Fig. 6. (a) Assembled multidrug modular capsule robots. (b) Robot
system platform.

could be further optimized based on clinical requirements
and the types of magnets would be changed accordingly.
The generated torques for the driving magnet or releasing
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. The leader robot
module moves at the forefront, so it can be combined with
any follower robot modules; each follower robot module can
be combined with each other because they have a common
combination mechanism.

Fig. 6(b) shows the robot system platform. The platform
consists of a control system and a magnetic field generator.
The multidrug modular capsule robots are located in the
magnetic field generator and can be controlled by the magnetic
field generator. The magnetic field generator comprises two
sets of x-directional Helmholtz coils, y-directional Helmholtz
coils, and z-directional Helmholtz coils, and can generate
various magnetic fields. The control information can be input
through the control system and can be transferred to voltage
signals. With these voltage signals, the magnetic field gener-
ator produces specific rotating magnetic fields, and then the
required motion of the robot modules will be achieved.

III. PERFORMANCE TEST

In order to test the performance of the multidrug modular
capsule robots, experiments were carried out according to the
application requirements. Three types of experiments were
conducted and they are locomotion experiments, docking and
separation experiments, and drug release control experiments.

A. Locomotion Experiments
1) Experimental Setup: When multidrug modular capsule

robots move in the intestine, they are controlled separately by

the magnetic field generator. Each robot module will have var-
ious moving velocities. The moving velocity directly concerns
the detection efficiency and interaction/duration of drugs. Thus
velocity is a vital factor that should be considered in robot-
assisted endoscopy. For example, common commercial capsule
robots passively move in the intestinal tract by peristalsis and
contractions of the intestine, and they have a long operating
time and a low detection efficiency due to the lack of speed
control. Thus in these experiments, the moving velocities
of the multidrug modular capsule robots with various drug
loadings were tested. The experimental setup is also shown
in Fig. 6(b). Robot modules were in a pipe with an internal
diameter of 20 mm and located in the magnetic field generator.
A laser displacement sensor (LK-500, KEYENCE, JP) was
used to record the movement time. The robot module moved
from the starting point and the displacement sensor was set
in the stopping point. The magnetic field generator and the
displacement sensor started to work simultaneously. When
the data recorded by the displacement sensor change, the
recording time is the movement time of the robot modules.
The velocities of the robot modules can be calculated through
the movement time and distance between the starting point
and the stopping point. During these experiments, the mul-
tidrug modular capsule robot loaded different loadings. The
multidrug modular capsule robot can load up to 1.8 g of drugs
and thus the drug weights were set as 0, 0.6, 1.2, and 1.8 g.
The magnetic frequency for every single movement was set as
0.5 Hz with 0.5-Hz increment over a range of 10 Hz, and each
moving velocity of the multidrug modular capsule robot with
the corresponding magnetic frequency was calculated. Each
measurement was carried out with ten cycles of repetition.

2) Experimental Results and Discussion: One leader robot
module and two types of follower robot modules were tested
in these experiments, and in order to facilitate the expression of
each robot, these three robot modules were named MMCR-A,
MMCR-B, and MMCR-C. Fig. 7 shows the velocities of the
robot modules with various loads and magnetic frequencies.
The maximum advance velocities of the MMCR-A loading
drugs of 0, 0.6, 1.2, and 1.8 g are 28.5, 25.1, 22.3, and
14.5 mm/s, respectively. The maximum retreat velocities of
the MMCR-A loading drugs of 0, 0.6, 1.2, and 1.8 g are
25.4, 22.1, 19.6, and 11.7 mm/s, respectively. It can be found
that the MMCR-A has great velocities when magnetic 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 fre-
quency growth is effective in a certain range. The MMCR-A
has a step-out frequency and it cannot start to rotate when the
magnetic frequency is larger than this frequency. As shown
in Fig. 7(a) and (b), the advance and retreat velocity of the
MMCR-A with a drug of 0, 0.6, and 1.2 g is 0 when the
magnetic frequency is 4.5 Hz; the advance and retreat velocity
of the MMCR-A with a drug of 1.8 g is 0 when the magnetic
frequency is 4 Hz. It is due to the fact that the step-out
frequency of the MMCR-A with a load of less than 1.2 g
drug is 4.5 Hz, and the step-out frequency of the MMCR-A
with a load of 1.8 g drug is 4 Hz.
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Fig. 7. Moving velocities of robot modules with various loads and mag-
netic frequencies. (a) MMCR-A moving forward. (b) MMCR-A moving
backward. (c) MMCR-B moving forward. (d) MMCR-B moving backward.
(e) MMCR-C moving forward. (f) MMCR-C moving backward. (g) Three
robot modules moving forward when loading 0.6 g. (h) Three robot
modules moving backward when loading 1.8 g.

The MMCR-B and MMCR-C have similar performance to
the MMCR-A, and as shown in Fig. 7(c)–(f), the step-out
frequency of the MMCR-B is 5.5 Hz; the step-out frequency
of the MMCR-C with a load less than 1.2 g drug is 6.5 Hz and
the step-out frequency of the MMCR-C with a load of 1.8 g
drug is 6 Hz. The experimental results show that multidrug
modular capsule robots can be controlled separately by using
a magnetic field with different driving frequencies since they
have various step-out frequencies. In addition, it can also be
found that each robot module has different velocities when
it moves forward and backward. This is mainly because the
structures of the thread mechanism, claw mechanism, and
drug release mechanism differ from each and these different
structures will result in various moving resistances. In addition,
to comprehensively evaluate the locomotion/loading perfor-
mance of the robot modules, we compared the velocities of
the three robot modules with the same load. Fig. 7(g) and (h)
shows the velocities of the robot modules loading drugs of
0.6 g when moved forward and loading drugs of 1.8 g when

Fig. 8. Setup for the docking and separation experiments. (a) Measur-
ing the propulsive force. (b) Measuring the required forces and torque
for docking and separation.

Fig. 9. Required force and torque for docking and separation. (a) Force
for docking. (b) Torque for separation.

moved backward, respectively. The three curves have a similar
tendency, demonstrating the similar locomotion and loading
ability of the three robot modules.

B. Docking and Separation Experiments
1) Experimental Setup: When multidrug modular capsule

robots are used to perform diagnosis and treatment, they need
to dock and separate from each other. To test whether they
are able to dock and separate from each other successfully
during the procedures, experiments were carried out to test
their docking and separation performance. To measure the
propulsive forces of the multidrug modular capsule robots,
we set a sheet of copper in the pipe and calculated the
propulsive forces based on the deformation of the copper. The
experimental setup is shown in Fig. 8(a). Since we cannot
directly measure the propulsive torques of the multidrug
modular capsule robots without introducing an effect on the
robot movement, we obtained the propulsive torques based
on the movement videos. The robot module started to rotate
from the static state, then gradually accelerated, and finally
rotated at a uniform speed. The rotational speed and time
were obtained by the video, and thus the propulsive torque
was calculated by using this movement information and the
moment of inertia of the robot module.

In order to measure the required forces and torque for
docking and separation, an ATI force sensor was used and
mounted on a plate. As shown in Fig. 8(b), when the motor
drove the slider to move, two robot modules achieved docking
and the maximum force during the process was the required
force for docking. These two robot modules rotated in oppo-
site directions to realize separation and the torques during
the procedure were measured by the ATI force sensor. The
maximum torque was the required torque for separation. Ten
cycles of repetition were carried out for each measurement in
the docking and separation experiments.
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Fig. 10. Propulsive forces and torques of robot modules. (a) Forces.
(b) Torques.

2) Experimental Results and Discussion: Fig. 9 shows the
required force and torque for docking and separation. The
maximal required forces for docking between MMCR-A
and MMCR-B, MMCR-A and MMCR-C, and MMCR-B
and MMCR-C, are 3.9, 4.0, and 3.8 mN, respectively. The
maximal required torques for separation between MMCR-A
and MMCR-B, MMCR-A and MMCR-C, and MMCR-B and
MMCR-C, are 0.033, 0.028, and 0.031 mN · m, respec-
tively. Fig. 10 shows the propulsive forces and torques of
the multidrug modular capsule robots. The average minimal
propulsive forces of MMCR-A, MMCR-B, and MMCR-C
are 11.2, 8.4, and 7.1 mN, respectively, when they move
forward. When they move backward, the average minimal
propulsive forces of MMCR-A, MMCR-B, and MMCR-C
are 9.2, 6.3, and 5.4 mN, respectively. The average minimal
propulsive torques of MMCR-A, MMCR-B, and MMCR-C are
0.085, 0.067, and 0.055 mN · m, respectively when they move
forward. When they move backward, the average minimal
propulsive torques of MMCR-A, MMCR-B, and MMCR-C are
0.065, 0.051, and 0.044 mN ·m, respectively. Every multidrug
modular capsule robot has different propulsive forces and
torques when moving forward and backward.

As discussed in Section III-A2, the multidrug modular
capsule robots have different structures on their front and
back ends and thus they possess various propulsive forces and
torques when moving forward and backward. Comparing the
average minimal propulsive forces with the required forces
for docking, it is found that the multidrug modular capsule
robots can produce larger propulsive forces than the required
forces for docking, and thus the multidrug modular capsule
robots can dock with each other using the propulsive forces.
Similarly, the multidrug modular capsule robots will generate
larger propulsive torques than the required torques for separa-
tion and this means that they can achieve separation with the
propulsive torques.

C. Drug Release Control Experiments
1) Experimental Setup: The multidrug modular capsule

robots carry various drugs to the target positions and release
the drugs according to the clinical requirements. To test
whether the multidrug modular capsule robots can release the
drugs with the orders, drug release experiments were carried
out. In these experiments, the multidrug modular capsule
robots were located in the magnetic field generator and can
be controlled by the magnetic field generator. The magnetic
field generator produces magnetic fields to the drug release
mechanism of the multidrug modular capsule robots. The

Fig. 11. Rotary speeds of the rotating baffle of multifunctional modular
capsule robots A, B, and C with various drug loadings.

drug release mechanism has two limited positions, and the
switching baffle can move between them. For the multidrug
modular capsule robots, the angle formed by these two extreme
positions is 75◦. The switching baffle was positioned at one
position and rotated to the other position by the rotation of
the magnetic fields. To test the effect of the drug weight
on the rotation of the switching baffle, the switching baffle
was rotated with different weights of drugs. The magnetic
frequency was set as 1.5 Hz. The weight of the loaded drug
for each experiment was set as 0, 0.6, 1.2, and 1.8 g since
the maximum drug loading capacity of the MCR is 1.8 g.
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) Experimental Results and Discussion: The rotary speeds
of the switching baffle of multidrug modular capsule robots
with various drug loadings are shown in Fig. 11. The average
rotary speeds of the switching baffle of MMCR-A are 8.37,
8.20, 8.11, and 8.02 rad/s when the weights of the loaded drugs
are 0, 0.6, 1.2, and 1.8 g, respectively. The switching baffle
of MMCR-A had a maximum rotary speed when MMCR-A
loaded drugs of 0 g. The switching baffle of MMCR-A had a
minimum rotary speed when MMCR-A loaded drugs of 1.8 g.
Drug weight affects the rotary speed of the switching baffle.
The loaded drug exerts pressure on the switching baffle, and
this pressure impedes the rotation of the switching baffle.
Therefore, great drug weight results in lower rotary speed.
Similarly, the average rotary speeds of the switching baffle
of MMCR-B are 8.46, 8.41, 8.34, and 8.20 rad/s when the
weights of the loaded drugs are 0, 0.6, 1.2, and 1.8 g,
respectively. The average rotary speeds of the switching baffle
of MMCR-C are 8.27, 8.16, 8.03, and 7.85 rad/s when the
weights of the loaded drugs are 0, 0.6, 1.2, and 1.8 g,
respectively. MMCR-B and MMCR-C have the same rotary
speed change trends and reasons as MMCR-A.

When MMCR-A is fully loaded with drugs of 1.8 g, the
rotary speed is 8.02 rad/s. Thus, MMCR-A can open the
switching baffle for drug release in 0.028 s. Similarly, the min-
imum rotary speeds of MMCR-B and MMCR-C are 8.20 and
7.85 rad/s, respectively, when they are fully loaded, and they
can open the switching baffle for drug release within 0.03 s.
This means that the switching baffle can be opened instantly,
and therefore, these rotary speeds would be acceptable for drug
release.
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Fig. 12. Experimental setup for ex vivo experiments.

IV. EX VIVO EXPERIMENTS

A. Experimental Setup
To test the feasibility of the actual application of the

multidrug modular capsule robots, 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. 12, the intes-
tine was dissected and set in a flexible bellow. There is a small
amount of water in the small intestine to simulate the intestinal
environment. First, in experiment I, one multidrug modular
capsule robot was used and it was located in the intestine.
The intestine was located in the magnetic field generator, and
thus, the multidrug modular capsule robot could be controlled
by the magnetic field generator. The experimental setup is the
same as that in Section III-A. MMCR-A was used in this
experiment, and two types of water, dyed blue and black, used
to replace drugs A and B, were injected into compartments A
and B of MMCR-A, respectively. The magnetic field generator
was used to produce magnetic fields in various directions to
realize different functions of MMCR-A. A rotating magnetic
field of 3 Hz was generated first to rotate the main body of
the MMCR-A and then the MMCR-A moved forward. When
MMCR-A moved to target A [targets A and B are shown in
Fig. 13(a)], it stopped and a constant magnetic field was then
generated to adjust the pose of MMCR-A. With a rotating
magnetic field of 1.5 Hz, the switching baffle started to rotate.
Drug A was released at target A. Then, the rotating magnetic
field of 3 Hz was generated again to rotate MMCR-A. Simi-
larly, MMCR-A moved to target B and released drug B. All
the entire movements were videotaped by a camera. Two areas
of the intestinal wall, located on the movement path and drug
release position, were selected for observation.

In experiment II, both MMCR-A and MMCR-B were used,
and they tried to dock and separate with each and release dif-
ferent drugs. The black and red water used to replace drugs A
and B were injected into compartments A and B of MMCR-A,
respectively. Similarly, blue and red water was injected into
compartment A and compartment of MMCR-B to release
drugs C and D. MMCR-A and MMCR-B were set in the
intestine and the magnetic field generator started to generate
different types of magnetic fields. The rotating magnetic fields
of 3 Hz drove MMCR-A to move forward and reach target A
[targets A and B are shown in Fig. 13(a)]. After MMCR-A
stopped at target A, a constant magnetic field was generated
to adjust the pose of MMCR-A then a rotating magnetic field
of 1.5 Hz to release drug A. Next, the rotating magnetic

fields of 5 Hz drove MMCR-B to move forward and dock
with MMCR-A, and then the docked MMCR-A and MMCR-B
moved together with the rotating magnetic. When they reached
target B, MMCR-A released drug B and MMCR-B released
drug C. After the drug release, MMCR-A and MMCR-B were
separated and then moved forward. During this procedure, all
the operations were photographed. Three areas of the intestinal
wall, located on the movement path and drug release position,
were selected for observation.

B. Experimental Results and Discussion
The movement and drug release process of the multidrug

modular capsule robot in experiment I are shown in Fig. 13.
MMCR-A started to move from the original position and
toward target A [see Fig. 13(a)] and then rotated the switch-
ing baffle clockwise and released drug A [red water in
Fig. 13(b)]. After the drug release, MMCR-A rotated its
main body and moved forward, stopped at target B rotated
the switching baffle counterclockwise and released drug B
[blue water in Fig. 13(c)]. After releasing drug B, MMCR-
A continued to move forward. The lining of the intestine was
photographed before and after experiments. The photographs
of the selected areas are shown in Fig. 14. The intestinal
wall in Fig. 14(c) and (d) was dyed since drugs were released
near this position. With the comparison of these photographs,
no noticeable difference was observed by the naked eye.

Fig. 15 shows the procedures of the dock, separation, and
multidrug release of two multidrug modular capsule robots
in experiment II. As shown in Fig. 15(a), MMCR-A and
MMCR-B were located in the original position, and MMCR-A
would rotate with the rotating magnetic fields. MMCR-A
moved to target A and stopped and then rotated the switching
baffle to release drug A [see Fig. 15(b)]. Then, MMCR-B
moved toward MMCR-A and docked with MMCR-A [see
Fig. 15(c)]. When the docked MMCR-A and MMCR-B moved
to target B, they stopped; MMCR-A rotated its switching
baffle to release drug B, and MMCR-B rotated its switching
baffle to release drug C [see Fig. 15(d)]. Then, MMCR-A and
MMCR-B were separated and continued to move forward [see
Fig. 15(e)]. The intestinal wall was also observed before and
after experiments. Fig. 16 shows the photographed lining of
the intestine before and after experiments. The intestinal wall
in Fig. 16(c) and (d) was also dyed since drugs were released
near this position. With the comparison of these photographs,
no noticeable difference was observed by the naked eye.

Experiment I showed that the multidrug modular capsule
robot has the ability to load two types of drugs, move to
different targets, and release selected drugs at desired posi-
tions. Experiment II demonstrated that two multidrug modular
capsule robots can cooperate with each other through docking
and separation and release multidrugs at desired positions. For
the observation of the photographed lining of the intestine
before and after experiments in experiments I and II, the
“no noticeable difference” could not strictly demonstrate that
the multidrug modular capsule robot produces no injuries to
the intestine. Specific injury assessment requires professional
medical assessment, especially microscopes. The professional
medical assessment was not performed currently, but this
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Fig. 13. Locomotion and drug release process in experiment I. (a)–(c) Record pictures during operation.

Fig. 14. Observation areas photographed before and after experiments in experiment I (a) and (b) before experiments and (c) and (d) after
experiments.

Fig. 15. Locomotion, docking, separation, and multidrug release process in experiment II. (a)–(e) Record pictures during operation.

Fig. 16. Observation areas photographed before and after experiments in experiment II (a) and (b) before experiments and (c) and (d) after
experiments.

elementary assessment using naked eye observation can pre-
liminarily show the injury level of the multidrug modular
capsule robot 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
eye, this possible slight injury would not seriously affect
the patients’ rehabilitation or operation safety. In addition,
in these experiments, the multidrug modular capsule robot
was fabricated through 3D printing and the spiral wings on
the surface of the multidrug modular capsule robot 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 injuries to the
intestine but also facilitate the swallowing of patients. These

operation processes conducted in experiments I and II did not
represent any treatment process or method but were used to
test the feasibility of the operation. This proposed multidrug
modular capsule robot would have potential applications.

V. CONCLUSION

In this article, we proposed a multidrug modular capsule
robot system and verified its performance through laboratory
experiments and ex vivo experiments. Experimental results
demonstrated that the proposed multidrug modular capsule
robot could release multiple drugs, perform docking and sepa-
ration, and did not cause damage to the lining of the intestine.
This proposed multidrug modular capsule robot could prove a
reference for drug release and control and have the potential
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for further applications. However, several limitations still exist
in this research. First, the robot modules were fabricated
through 3-D printing and they cannot be used clinically.
Second, we did not integrate the camera into the leader robot
module and instead used a drug release mechanism since we
have not conducted the wireless power supply technology.
Third, the pig intestine used in the ex vivo experiments
can well simulate the human intestine but there are still
some differences. In the future study, we will overcome these
limitations and try to conduct animal experiments.
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