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as minimally invasive surgery, gastrointestinal tract and drug
delivery[6].
Although the magnetic microrobot is a promising method
in the medical field, several challenges are exited. First, an
individual robot cannot carry enough medical devices, because
the quality of devices is limited by the narrow space of the
robotic body. Second, a capsule robot with miniaturized body
have poor flexibility. Third, the tiny body results in less
functions, which cannot meet the require of manipulation
during the surgery. So multiple robots system is badly needed
to overcome the intrinsic limitations of an individual capsule
robot. Some researchers have studied different kinds of
multiple robots. S. Yoo et al. introduced a prototype capsule
system which was designed to distribute functional
burdens[7][8]. These robots achieved active locomotion via a
collaborative actuation. K. Harada et al. proposed the master
device to steer multiple modular robots for endoluminal
surgery[9][10]. This device enables surgeons to customize the
surgical system. Z. Nagy et al. proposed the use magnets in a
specific configuration on the mating faces of the
module[11][12]. Their results showed that high success rates
can be achieved and snake-type robots can adapt to irregular
paths. S. Guo et al. have studied about the wireless microrobot
in pipe which have modular structure[13]. They proposed the
guide robot and auxiliary robot driven by electromagnetic
field. Y. Zhang et al. studied the start-up curves of different
robots and employed genetic algorithms to optimize screw
structures to drive several capsule robots[14]. However, the
independent and cooperative locomotion of multiple robots
has not been implemented in the liquid.
In this paper, a driven approach for the multiple capsule
robots guided by electromagnetic field for GI applications is
proposed. Two capsule robots with screw and propeller
structure are able to move in pipe actively. The three-axis
Helmholtz coils generate electromagnetic field to steer two
robots to implement differnet motions. Geometrical parameters
of screw and propeller structure have been research to obtain
multiple start and step-out frequencies under the rotational
electromagnetic field. The characteristics of frequency
differences enable two robots to move or stop independently
under the identical electromagnetic field. The effectiveness of
docking and release is validated by a series of experiments in
pipe.

Abstract – Magnetic driven microrobots, which travel in
water or other aqueous mediums, have provided great potential
and are urgently demanded in the biomedical field. Many
advances in the self-propulsion mechanism suggest that these
small robots are very suitable for using in channels. However, the
spatial limitations of the internal environment and the size
constraint of the millimeter robots are huge challenges in the
medical applications. In this paper, a driven approach for
multiple capsule robots with screw structure and propeller
structure is explored. The two robots can be controlled by a
rotational electromagnetic field generated by two pairs of threeaxis Helmholtz coils. Mechanical model is set and hydrodynamics
of multiple capsule robots is analyzed. Based on the nonoverlapping driven frequencies, these robots are able to set off at
different start frequencies and stop at different step-out
frequencies. The verified experiments are conducted in pipe filled
with water. Different movements such as docking and release are
verified. The experimental results indicate that the multiple
capsule robots would be a promising way to accomplish
multifunctional manipulation and perform complex surgeries.
Index – multiple capsule robots, screw propulsion mechanism,
propeller propulsion mechanism, docking and release.

I. INTRODUCTION
Traditional treatments for gastrointestinal (GI) diseases is
to deliver the endoscope attached to the medical hose into the
patient's digestive tract. However, this conventional instrument
has limitations in several aspects[1][2][3]. First, there are blind
spots in this treatment. That deeper gastrointestinal lesions
cannot be detected by endoscopy. Due to the length of the GI
tract and the highly convoluted nature of the small intestine,
blind spots may exist beyond the limited reach of the pushendoscope. Second, during this progress, the friction between
the medical hose and the wall of the GI can cause great
suffering to the patient. Third, traditional endoscopes cannot
flexibly adjust postures. To overcome these limitations of
conventional treatments by means of endoscopes, magnetic
microrobots have been studied extensively[4][5]. These
capsule robots can perform medical tasks in small or narrow
areas deep within the human body. Additionally, magnetic
microrobots barely need power units such as batteries. So
more body space is saved and this type of robots will not be
limited by power. Given these strong advantages, magnetic
microrobots have great potential in clinical applications, such
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The structure of this paper is as following: A whole
mechanism of multiple capsule robots and rotational
electromagnetic field design are illustrated in Section II. The
mechanical models of two robots and driven approach are
developed in Section III. Section IV describes the experiments
to verified performance of docking and release. Finally,
conclusions and future work are illustrated in Section V.

external electromagnetic field, they perform liner motion in
pipe. The motion mechanism of the two robots is shown in
Fig. 2. With different rotation directions, the two robots can
move forward or backward[18]. The robot accelerates as the
frequency of the electromagnetic field increases. However, it is
difficult to guide several robots independently in an identical
electromagnetic field because the driven frequency range of
robots may overlap. When we guide one robot at a certain
frequency, the other may out of control. This article focuses on
this issue and solve this problem with different start and stepout frequencies of the multiple robots.

II. MECHANISM AND MAGNETIC FIELD DESIGN
A. Structure and Mechanism of Multiple Capsule Robots
In this paper, two types of robots, Robot A and Robot B
are designed. The robotic bodies of both robots are made of
resin and fabricated by a 3D printer. The middle of the body is
hollow-structure to assemble sensors for further development,
as well as to obtain large buoyancy. The driven permanent
magnet (DPM) embeds in the center of the robotic body. They
are radially magnetized so the robot can rotate with the
external electromagnetic field. The DPM is made of NdFeB.
The main difference between the robots is propulsive
mechanism. Robot A generates the propulsion by the screw
while Robot B by the propeller.
The robots rotate with the external electromagnetic field.
For Robot A, the water between the screw blades generates
propulsive force[15]. However, Robot B is equipped with a
propeller. The propeller is locked in the middle of the body,
and it has two oblique blades to generate propulsive force. The
structure design of the two robots is shown in Fig. 1.

Fig. 2. Schematics of the two robots.

C. Working Process of Multiple Capsule Robots
The multiple capsule robots are proposed for
gastrointestinal diagnosis and surgeries. In a practical case of
clinical application, the treatment procedure concludes several
steps. Patients drink water or medicine liquid and swallow
necessary robots one by one. Each robot is small enough to
pass through the throat and they reach the target site under the
guidance of surgeons. When all of the robots have reached the
focus, surgeons conduct them to form new structures via
docking. Because each robot is equipped with different
devices and sensors, they cooperate with each other to
implement complex manipulations. Finally, robots release and
move through large intestine. They are excreted at anal orifice.
The whole treatment procedure of multiple capsule robots is
shown in Fig. 3.

Fig. 1. Structure design of multiple capsule robots.

B. Design of the Rotational Electromagnetic Field
Due to the size limitation of millimeter-scale robots for
biomedical applications, it is difficult to load plentiful
components, such as batteries, motors, and controllers, inside
the robotic body. In order to overcome this setback, the
rotating electromagnetic field used to drive a capsule robot has
been studied[16][17]. Helmholtz coils are effective and
efficient tools to form uniform magnetic fields by means of the
identical current flows. The Helmholtz coils produce a
completely uniform magnetic field in the central area. In this
paper, two pairs of three-axis Helmholtz coils are utilized to
generate planar magnetic field. As robots rotate with the

(a)

(b)

(c)

Fig. 3. The whole treatment procedure of multiple capsule robots. (a) active
locomotion of individual robot in gastrointestinal tract. (b)docking procedure.
(c) release procedure.
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III. DYNAMIC MODEL AND DRIVEN APPROACH
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A. Dynamic Model of the Screw
According to our previous study[19], the total
circumferential viscous resistance f c and torque M c of the
capsule robot are expressed as:
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where n is the number of screws. R is the radium of the
robot and H is the depth of the screw. h is the radial
distance between the infinitesimal element and the root of the
screw. f c1 and f c 2 are circumferential viscous resistance of
left and right screw blade respectively. f c 3 and f c 4 are the
circumferential viscous resistances acting on the crest and root
of the screw.
The dynamic model is related to geometrical parameters
of the screw. The geometrical model of the screw is
established in Fig. 4. a is the width of the screw. c is the
distance between pipe and the robot.  is the pitch of the
screw.  and  are the blade angle and lead angle separately.

(a) Geometrical model of the propeller

(b) Dynamic model of the propeller
Fig. 5. The model of propeller

where Z is the number of the blades,  is the angular
velocity, R is the radium of the robot, L is the length of the
blade.  is the lift-drag ratio,  is hydrodynamic helix angle,
ut and u a are the circumferential and axial induced velocity.
C. Driven Approach
When the robots follow external magnetic field with a low
rotating frequency, the robots can obtain propulsion force from
the water between the screw blades or propeller blades.
However, the robots can perform axial navigation only when
the propulsion force could overcome the frication force. The
friction force can be calculated as
Ff    G  Fb 
(7)

Fig. 4. Geometrical parameters of the screw structure.

B. Dynamic Model of the Propeller
Blade element moment theory is an effective approach to
establish dynamic model of propellers. The elements are
integrated along the length of the propeller. The models of the
propeller are established in Fig. 5.
The lift force L and resistance D are given as:
dL  VA   r  dr
(3)

where G and Fb are the are the gravity and buoyancy of the
robots.  is the friction coefficient.
For a certain robot, the propulsion force is related to its
angular velocity according to Eq. (1) and (5). Rotating with
external magnetic field, the angular velocity is determined by
frequency of the magnetic field. The frequency of magnetic
field which enables a robot to perform axial navigation is
defined as “start frequency”. By designing the geometrical

dD  dL
(4)
where  is fluid density,  is the lift-drag ratio, VA is the

axial velocity of the fluid flow and   r  is the circulation.

The propulsion force and the torque are given as follows:
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sine signals is  / 2 and they move backward when the phase
difference of sine signals is 3 / 2 .
To evaluate the performance of individual robot under
various driven frequencies, the two robots are fed into the pipe
separately. The current amplitude is set at 3.5 A. The
frequencies of the electromagnetic field are from 0 Hz to 30
Hz. The axial speeds of the robots under different driven
frequencies are shown in Fig. 7.

parameters of the two robots, the robots achieve enough
propulsion at different start frequencies.
Once the robots start axial navigation, they accelerate as
the frequency of magnetic field increase, because the
propulsion increases at higher angular velocity. However, the
robots may slow down when their rotation motion cannot keep
pace with the external magnetic field. Their axial speeds drop
sharply and finally come to a stop. The frequency which makes
a robot stop synchronously rotating with magnetic field is
defined as “step-out frequency”. The maximum of angular
speed is related to rotational torque shown in Eq. (2) and (6).
Similarly, it can be design by virtual of various geometric
parameters. With the non-overlapping range of critical driven
frequencies, multiple capsule robots can be controlled
independently in the same electromagnetic field.
Based on the aforementioned method, the geometrical
parameters of the two robots are designed as follows: The
pitch, numbers of spirals, depth, width , blade angel and lead
angle of screws are 16 mm, 2, 4 mm, 4 mm,  / 4 and  / 6 .
The propeller has two blades. The length, width,
hydrodynamic helix angle are 3.3 mm, 14.2 mm and  /10 .
The radium of the two robots are both 16 mm. The lengths of
two robots are 30 mm and 20 mm respectively. And the
weights of them are 4.02 g and 2.39 g.

Fig. 7 Experiment results of moving speeds under different driven
frequencies.

The experimental results show that the two robots
accelerate with increase of driven frequencies before step-out
frequencies. Robot A is able to move forward at 2 Hz while
the start frequency of Robot B is 7 Hz. Meanwhile, Robot A is
easy to come into a stop at 18 Hz. Robot B stops axial
locomotion when the driven frequency is 26 Hz. Since the
driven frequencies of the two robots have enough nonoverlapping range, this result may satisfy the experiment
condition of docking and release tests.
The docking and release motions are verified when there
are two robots in the pipe. Initially, two robots are placed with
a separation distance. Robot B moves toward Robot A under a
high driven frequency. While Robot A stays in the original
position because it cannot follow the rotation of
electromagnetic field under this frequency. As Robot B gets
close, the two robots dock together. The docking procedure is
shown in Fig. 8. The driven frequency is 23 Hz.

IV. EXPERIMENTS AND RESULTS
An experimental platform is established to verify active
locomotion of Robot A and Robot B. The experimental
platform includes signal generators, amplifiers (inside the
crate), three-axis Helmholtz coils, a magnetometer (Hengtong,
HT201), a tachometer (UNI-T, UT372) and a polyvinyl
chloride (PVC) pipe with the diameter of 19 mm. The two
robots immerse in water inside the pipe. The whole
experimental platform is shown in Fig. 6.

Fig. 6. The experimental platform for the active locomotion of the two robots.

In our study, the multiple capsule robots perform linear
motion in rigid pipe. The sinusoidal signal generated from
signal generators steers two robots to move forward or
backward. The linear movements are controlled by two electric
currents. Robots move forward when the phase difference of
Fig. 8. The video snapshots of docking procedure.
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During the release procedure, Robot A moves axially
under a low driven frequency while Robot B rotates with the
electromagnetic field but it could hardly move forward.
Therefore, the distance of two robots increases and Robot A
separates from Robot B. The release procedure is shown in
Fig. 9. The driven frequency is set at 5 Hz.
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Fig. 9. The video snapshots of release procedure.
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V. CONCLUSIONS AND FUTURE WORK
In this paper, a driven approach for multiple capsule
robots in the identical electromagnetic field is proposed. The
two robots are designed with screw structure and propeller
structure to obtain different start and step-out frequencies. The
docking and release procedures indicate that the robots can be
controlled dependently under the same driven frequency. The
active locomotion of the multiple robots may have great
potential for surgeons to customize the treatment.
With enough non-overlapping range of driven
frequencies, one robots can move axially while the other stays
at the initial position. The start frequencies of Robot A and
Robot B are 2 Hz and 8 Hz. While the step-out frequencies are
17 Hz and 24 Hz separately. The maximal axial speeds of two
robots are 16.2 mm/s and 11.9 mm/s separately. However, in
the practical application, the maximum axial speed of Robot A
may be discarded since the driven frequency is overlapped
with Robot B.
In the future, these multiple capsule robots will be guided
to form complex structure in three-dimensional space. And the
in vivo experiments will be conducted in porcine intestine.
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