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same time also brought a certain psychological fear. It’s
increasingly popular to design capsule robots which are driven
by external magnetic field for the researchers. Apart of them
utilize the external permanent magnet. Kim proposed a
capsule endoscope with active mobility in the human digestive
system [5]. Compared with traditional endoscopy, the wireless
capsule endoscopy has many advantages [6,7,8].
Current research institutions for wireless micro capsule
pipe robot research are focused on two directions: one is the
study of the movement way, to solve the capsule robot active
movement problem in human gastrointestinal tract, realizes
the capsule robot active drive and attitude control and enhance
the capsule robot environment adaptability [9]. Fu et al from
Guo lab proposed the magnetically actuated hybrid microbot
with hybrid motion driven by a rotational magnetic field
which is generated by 3 axes Helmholtz coils[10]. Its two
motion mechanisms comprised the spiral jet motion moved by
rotating its body and fin motion moved by vibrating its body.
In the following study, they designed the shrouded propeller
mechanism to achieve a high level of medical safety as well as
effective propulsive performance[11]. Compared to the
permanent magnet’s external magnetic field, the external
magnetic field uniformity and controllability generated by the
Helmholtz coils are significantly improved.
Beccani et al design a drug delivery capsule (DDC) based
on a coil-magnet-piston mechanism[12]. Choi et al proposed a
capsule-type magnetic micro-robot that can navigate along a
tubular environment and selectively release drugs in different
target points actuated by a magnetic navigation system[13].
The capsule robot has two cylindrical drug chambers and can
be driven by a magnetic gradient and release drugs at different
positions by using uniform rotating magnetic fields. Le et al
presented a drug delivery module for active locomotive
capsule endoscopy using electromagnetic actuation [14]. Liu
from Tianjin University for technology designed combination
and separation of modular capsule robot[15], but the position
is random and the motion direction of the master robot and the
auxiliary robot is opposite, so the control and recycling is
confined.
In order to solve these problems, this paper proposed the
novel multi-modular capsule robot. To be specific, the robot
can be divided into two modules, named the master robot and
the auxiliary module robot respectively. The size of the two is
different and the function is different.

Abstract – Due to the robots are limited in size and cannot be
attached to more functions, which caused the practicality of the
robot being reduced. In order to achieve the information
collection and multipoint drug delivery in the intestinal tract.
This paper proposed the novel multi-modular robot driven by the
external magnetic field. This robot system has two robots, namely
the master robot and the auxiliary robot. The control system of
the robot including the driven system, video acquisition and
modular docking and separation of the robots. We realized the
separation of the capsule robot by the difference of the cut-off
frequency. The axial magnetized magnet is put into the robot,
and when the robot is close, the two robots can combine. And the
motion of the two at low frequency is consistent, which can
realize the synchronous motion. Finally, the two robots can
realize active locomotion using a three-axis Helmholtz coils
system. The developed capsule robot can be used to improve the
capsule robot system and help people do experiments in vivo in
the future.
Index Terms - Multi-modular robot, Docking and separation,
Cut-off frequency, Synchronous motion

I. INTRODUCTION
According to the world health organization, there were
8.2 million cancer deaths worldwide in 2012, with a total of
14,068 new cancer cases and 32,455 people with cancer
(diagnosed in the past five years) [1], prevention strategies are
needed for cancer. Early detection, early diagnosis and early
treatment can significantly improve the cure rate and prolong
human life [3]. With the development of MEMS(MicroElectro-Mechanical System) and wireless video technology,
the application of wireless video in the field of capsule robot is
attracting more and more attention. In 1999, Israel's Given
Image developed the world's first capsule robot, M2A [2]. We
need to use endoscope to observe the inside of human
digestive tract to realize the detection and diagnosis of
gastrointestinal tract. At home and abroad for the diagnosis
and treatment of gastrointestinal diseases, the main method is
to use mature traditional stomach or intestinal endoscopy, it
generally is towing type checking method. The method is to
insert a long and semi-rigid tube with a camera lens into the
mouth or anus to push into the digestive tract, the use of
anesthetics and the pain and discomfort of the patient are
needed, the method has strong invasive and may even cause
gastrointestinal perforation (for example: the proportion of
colonoscopy in the diagnosis is 0.1% ~ 0.3%) in [4], at the
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The image acquisition module is set in the master robot
which can obtain the image information in the intestine, the
structure of the master robot is shown in Fig. 2. The head of
the master robot is a cylindrical transparent, LED lights,
cameras, batteries, wireless communication modules, and
magnets are set in the following. The master robot gets the
image information and transmit it through the antenna to the
receiving module. The receiving module is shown Fig. 3. The
auxiliary robot is smaller in size, which can get into a
narrower area to complete task.
The fabricated capsule robots are shown in Fig. 4(a) and
(b). The machining accuracy of the robot is 0.1 mm, which is
sufficient for the robots of this paper. Table I lists the
parameters of the proposed master robot and auxiliary robot.

Fig. 1 The 3D Model of multi-modular capsule robot

B. The Procedure of Diagnosis and Treatment
Fig. 5 describes the whole procedure of inspection and
treatment. The following is the specific steps of its work:
(a) The master robot and the auxiliary robot enter the
digestive tract at the same time, we input low frequency
alternating current. In this condition, there is no relative
motion between the two and the direction of the
magnetization is consistent, then the master robot and the

Fig, 2 The structure of the master robot

Fig. 3 The receiving module for video
(a)

(a) Master robot

The two robots move together

(b) Auxiliary robot

Fig. 4 The prototypes of two capsule robots.

This paper is structured as the following. In section II, we
showed the model of proposed the novel multi-modular robot
and the procedure of its work. In section III, we presented the
control system of the robot including driven system of the
magnetic field, motion control and modular control of the
robots. In section IV, we assemble the robot and experiment
with its movement and control in order to verify our model.
The last is our conclusions and the future work.
II. THE PROPOSED CAPSULE ROBOT

(b)

The separation of the master robot and the auxiliary robot

(c)

A. Design of Multi-modular Capsule Robot
The robot system concludes two main parts: the master
robot and the auxiliary robot, just as shown in Fig. 1(a) and (b).
Both capsule robots have a built-in permanent magnet at the
bottom, which can be magnetized in the radial direction to
drive the robot movement and combine the two robots by
magnetic force.
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The auxiliary robot move backward

(d) The two robots combine again
Fig. 5 The schematic diagram of diagnosis and treatment diagnosis and
treatment for the master robot and the auxiliary robot.

III. THE CONTROL SYSTEM OF MULTI-MODULAR CAPSULE
ROBOT

TABLE I
PARAMETERS OF ROBOTS

Master
robot
Auxiliary
robot

(b)

(c)
(d)

(e)

Length
(mm)

Diameter
(mm)

Grooves
Depth
(mm)

Grooves
Width
(mm)

Number
of
magnets
(couple)

49

19

1.5

4.5

2

27

15

1.5

4.5

1

A. The Driven System of Magnetic Field
The structure of micro-robot is mainly composed of
spiral-shaped body. The body move forward or backward
based on rotating, the direction of the external magnetic field
is consistent with that of the body axis. In this paper, the threephase ac power supply of PCR3000LE2 is adopted, as shown
in Fig. 6. And in order to produce a stable universal rotating
magnetic field, the three-axis Helmholtz coils fed with three
phase sine currents is used. Fig. 7 shows the physic map of
three-axis Helmholtz coils.

auxiliary robot can move together, just as shown in Fig.
5(a).
When the master robot collects the target information
through the image, then we increase the frequency to the
value of the cut-off frequency of master robot, the master
robot will stop moving, but the auxiliary robot can still
move, so the relative motion will happen and the direction
of magnetization change, it produces repulsive force and
plus the thrust produced by rotation to make the two
separate, just as shown in Fig. 5(b).
The master robot will stay static, the auxiliary robot can
realize drug deliver, biopsy and other tasks under the
control of magnetic field.
When the auxiliary robot complete tasks, we change the
direction of magnetic field, but it still keep high
frequency, the master robot remain still, the auxiliary
robot will move to the master robot, just as shown in Fig.
5(c).
When the distance between the two is close enough, the
two robot will combine due to the attraction， just as
shown in Fig.5(d). At this moment, we set the frequency
to low frequency, the master robot and the auxiliary robot
can move together, which realize the recovery of the
auxiliary.

B. The Principle of Combination and Separation
The combination of the two robots is based on the
attraction between the axial magnet which is embedded in the
robot. And we realized the separation of the capsule robot by
using the cut-off frequency of different capsule robot is
different. In this paper, the cut-off frequency we defined is the
maximum frequency that a robot can't move under magnetic
field control. When the external magnetic field is added, the
external magnetization field will exert a torque on the
magnetic dipole and the magnetic dipole moment slowly turns
to the magnetic field. And in the magnetic medium, the pole of
N,S is end to end and cancel out to each other. The macro
effect is N and S poles appear on both ends, it is called
magnetic moment. When it rotates in the liquid and its
direction of rotation is clockwise, as a result of the reaction
force exerted by the liquid flow on its helical guide groove,
the master robot will move forward, as shown in Fig. 8.
p=q×l
(1)
where the q is the magnetic dipole; l is vector of displacement
from +q to –q.
∑
∑ ×
×∆
m=
=
=
(2)
where the m is magnetic moment; u is vacuum permeability;
J is magnetic polarization; ∆V is the volume of magnet.
T=m×B
(3)
In the formula, T is the torque of magnet, which ; B is the mag
netic induction intensity of an external magnetic field; m is the
magnetic moment of a magnet.
The strength of magnetization M is:
∑
M=
(4)
∆ ×

Fig. 6 PCR3000LE2

From the formula(3), the torque is getting bigger with the
growth of the volume of magnet. We set two pair of magnets
in the master robot to provide sufficient torque to start moving.
There are two reasons why the difference of cut-off frequency
is different. The first one is the magnets placed in the main
robot are not only magnetized by the external magnetic field,
but also there is also magnetic interference between the
magnets. With the growth of the frequency of magnetic field,
the magnets can't keep the same direction of magnetization
and cause the movement to be out of synchronous, so the
robot stop moving. The next is the frequency of magnetic field
changes too fast, from the formula(4), the strength of
magnetization is smaller than the auxiliary robot, so the

Fig. 7 Three-axis Helmholtz coils

Fig. 8 The rotational motion and axial motion of the master robot.
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We verified the combination and separation of modular
robot. Firstly, the master robot and the auxiliary robot move
together through magnetic connections as shown in Fig.12(a).
When the robot arrives at the target we set, we set the
frequency is 13Hz, and now the master robot stop moving, the
auxiliary robot moves outside the target area as shown in Fig.
12(b) and (c). Finally we change the direction of magnetic
field, the auxiliary will move to the master robot and combine
again in the target, then move to the next target area together
as shown in Fig. 12(d). Through the experiment, we verified
the combination and separation of the modular capsule robot,
the synchronous motion and the recovery of the auxiliary
robot were feasible.

magnetism that is shown in the magnetic field is small and the
following performance is bad. There is a pair of magnet in the
auxiliary robot, so the interference is smaller.
IV. EXPERIMENTS AND RESULTS
Experimental platform construction: in this study, Fig. 9
is the physical map of the experimental platform. The
experimental platform includes a three-axis Helmholtz coil
that can generate rotating magnetic fields, as described in the
preceding text, the three-phase ac power PCR3000LE2 used to
drive the coil and the upper PC and the operating handle for
wireless control.
A. The Experiments for Movement
We conducted in vitro movement experiments of both
master and auxiliary robot in the transparent straight acrylic
pipe which length is 30cm filled with water. We evaluated the
motion characteristics of the master robot and the auxiliary
robot at different frequencies.
We did three groups of comparative experiments. From
Fig. 10(a) and (b), the initial motion frequency of the master
robot and the auxiliary robot is 3Hz. The difference in
movement speed of the forward and backward movements of
the two robots is very small between 3Hz and 7.5Hz. This is
due to in low frequency, the motion of the robot is mainly
driven by the friction with the pipe wall, so the speed
difference is not particularly large. When the frequency
increases, the speed of robot is rising and gradually break
away from the wall. A thin film of water is formed between
the robot and the wall, at this point, the thrust of the robot is
mainly driven by the screw thread. After three groups of
experiments, the cut-off frequency of the master robot of
forward and backward movements is at 10Hz. The reasons we
had proposed in Section III. The cut-off frequency of auxiliary
robot is 16Hz. When the frequency is between 3-10Hz, the
relative movement will not happen; when the frequency is
greater than 10Hz, the master robot will stay static, but the
auxiliary robot can still move, so they will separate and the
auxiliary robot can keep moving to complete tasks; Finally,
we change the direction of magnetic field and the frequency is
still greater than 10Hz, the auxiliary will move to the master
robot, when the distance is close enough, the two robot will
combine due to the attraction and thrust, the whole process is
done.

The speed of moving forward(mm/s)

Fig. 9 Experimental platform.

B. Wireless Video Transmission
When the master robot gets the image information from
the pipe and then transmit it to the receiving module, we can
collects the captured images in the PC real time. When the
robots detect the lesion through the image, we can change the
state of the robots to complete diagnosis and treatment. We set
a target in the pipe. The Fig. 11 is the image information
captured by the master robot in the pipe. It is clear enough to
identify the feature of the target.

(a)

C. The Evaluation of performance
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Experimental results when the robots moved forward

The mater robot

The auxiliary robot

The pipe
(a)

The two robots move together to the right (T=1s)

Movement to the right

Keep still

(b) Experimental results when the robots moved backward
Fig. 10 The speed of robots as a function of the frequency of currents fed to
the coils
(b)

The separation of the two robots(T=3s)

Keep still

(c)

Movement to the left

The auxiliary robot move backward(T=6s)

Combination

The target

(d) The two robots combine again(T=9s)
Fig. 12 The snapshots of the combination and docking procedure.

Fig. 11 The image information captured by the master robot in the pipe

V. CONCLUSIONS
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This paper proposed the novel multi-modular capsule
robot. The control system of the robot including the driven
system, motion control and modular docking and separation of
the robots was presented. We verified and realized the
combination and separation of the robot. We carried out
motion experiment on two robots, and obtained the motion
characteristics and cut-off frequency of the robot through three
groups of experiments. We can collect the image information
by the master robot and the image is clear, which can help us
identify the feature of lesion. Finally, the feasibility of
synchronous motion and the recycle of the auxiliary robot was
verified. Consequently, this study can help people for future
medical applications.
In the future, we will consider enhancing the movement
of the robots and adding more additional function for the
auxiliary robot and we will do the experiments in vivo.
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