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Abstract— Wireless capsule robots, traveling in water or other
aqueous mediums, have been urgently demanded in biomedical
field. Many advancements to self-propelling mechanisms have
shown that these small scale robots are well-suited for use in
channels. However, the space constraint of the internal
environment of body cavities and the size limitation of the
millimeter scale robots are great challenges in medical
application. In this paper, a driven approach based on different
start frequencies is proposed for a multiple modular capsule
robot moving in pipe. The robot is designed with two modules.
Composing driven permanent magnets (DPMs), these modules
can be steered by rotational electromagnetic field generated by
Helmholtz coils. More specifically, the multiple modular capsule
robot forms new construction via docking mechanism. Joint
permanent magnets (JPMs) are fabricated on both sides in the
robot body. Dynamic model is utilized to research the start
frequencies. Based on the different geometrical parameters of
screw structure, these modules are able to set off at different start
frequencies. The experiments are conducted in pipe filled with
water to verify different motions such as combination and
separation. The experimental results indicate that the multiple
modular capsule robot would be a promising way to perform
complex surgeries and accomplish multifunctional operations.

I. INTRODUCTION
The wireless capsule robot is a useful tool for medical
applications such as gastrointestinal tract, drug delivery, and
minimally invasive surgeries. Conventional endoscopy or
other surgical instruments usually have a nonsurgical solid
tube and partly stretch into interior of the body in medical
procedures. Patients feel very uncomfortable due to the whole
duration of the operation process[1]. Additionally, common
side effects such as intestinal wall perforation, breathing
difficulty, and infection tend to occur for certain patients.
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These external tools are difficult to reach several blind spots
which results in missing of focus. To avoid the drawbacks of
conventional instruments, the capsule robot for
gastrointestinal tract is expected in the diagnosis, treatment,
spraying, sampling and other medical engineering while
MEMS (micro-electromechanical systems) technology has
been combined with the medical technology and
application[2].
Studies on the mechanisms and guidance strategies of the
capsule robots moving within organic tubes in the human body
provide possibility for clinical use[3]-[5]. These wireless
capsule robots consist of an embedded camera, position
sensors and batteries for power supply. Besides, different
control methods have been proposed. Generally, motors[6],
shape memory alloy SMA actuators[7] and ICPF actuators[8]
are classified as inner power source. But it is difficult to
develop a capsule robot with compact structure, flexible
locomotion and long distance movement. Numerous
researches have proposed control methods utilizing magnetic
field to realize remote motion control[9]-[14]. The motion
control and power supply units are integrated inside permanent
magnets.
Though the studies have moved some of the setbacks of
active capsule robots in mechanisms and guidance strategies,
the new challenge appears as the demands of multifunctional
robot system increase. That is because an individual robot
could hardly carry enough sensors and power units due to the
intrinsic size limitation. Besides, body cavities of human
beings also have space constraint for large instruments. The
poor dexterity of a simplex structure is another shortage for
clinical application.
In order to solve the disadvantages of individual capsule
robot, the multiple modular capsule robots are proposed in
some studies. S. Yoo et al. introduced a prototype capsule
system which achieved active locomotion via a collaborative
actuation [15][16]. K. Harada et al. proposed a modular master
device for endoluminal surgery[17][18]. This device enables
surgeons to customize the surgical system by steering multiple
modular robots. However, these robots have not tested in
liquid environment. J. Guo et al. proposed the guide robot and
auxiliary robot driven by electromagnetic field[19]. Y. Zhang
et al. studied start-up curves of diverse robots and employed
genetic algorithm to optimize screw structure to drive several
capsule robots[20]. But these robots have not been conducted
independently as well as corporately.
To implement complex manipulation and increase
functionality of capsule robots for gastrointestinal tract, a
multiple modular capsule robot is proposed to in this paper to
break the size restrictions of individual capsule robot, as well
as space constraints of body cavities. The whole capsule robot
is designed with modular structure. The driven approach based

on different start frequencies and the locomotion mechanism
of combination and separation are proposed.
The structure of this paper is as follows. The mechanism of
multiple modular capsule robot and rotational electromagnetic
field design are illustrated in Section II. The dynamic model of
multiple modular capsule robot steered by different start
frequencies is developed in Section III. Section IV describes
the experimental assessment to verified combination and
separation movements of two modules. Finally, conclusions
and future work are illustrated in Section V.
II. MECHANISM AND MAGNETIC FIELD DESIGN
A. Conceptual Design of a Multiple Modular Capsule Robot
The clinical target for the multiple modular robot is the
entire gastrointestinal tract, surgical task, biopsy sampling and
other practical applications in the body cavities. Concerning
the space constraints of throat, each module should be small
enough to be swallowed and pass through internal organs.
Each module carries particular instruments and sensors. They
are able to assemble together and form new constructions. By
coordinating in taking joint actions, the modules complete
complex manipulation. Surgeons guide this procedure by
adjusting the electric signal of console. Rotational
electromagnetic field follows the changes of the input electric
currents and generates rotational magnetic field. The
bi-direction communication between surgeons and the robot is
implemented by means of sensors and capsule images. The
whole treatment procedure with the multiple modular capsule
robot in clinical application is shown in Fig. 1.

B. Prototyping of a Multiple Modular Capsule Robot
In this paper, the multiple modular capsule robot composes
two modules. The bodies of two modules are made of resin
(Density: 1.2g/cm3, Hardness: 79HD, Tensile strength: 35
MPa, Poisson's ratio: 0.41, Water absorption: 0.4%) and are
fabricated by a 3D prototyping printer[21]. The middle of the
bodies is hollow-structure to acquire large amount of
displacement for sensors. The buoyancy of the module
increases as well. The water between external screw generates
propulsive force. The driven permanent magnets (DPMs) are
in the center of the robotic body. They are radically
magnetized which enable the modules rotate under the control
of external electromagnetic field. The docking mechanism
composes two joint permanent magnets (JPMs) on both sides
of the module. With opposite polarity, JPMs pull two modules
together when they get close. These two types of permanent
magnets are made of NdFeB. In this paper, two types of
modules, Module 1 and Module 2, are designed. The mainly
difference of them is the geometrical parameters of the screw.
The prototypes of the two modules are shown in Fig. 2. And
the design parameters of two modules are summarized in
TABLE I.

(a)

Schematics of a multiple modular capsule robot.

(b) Prototype of a multiple modular capsule robot.
Fig. 2 Design of a multiple modular capsule robot.

Fig. 1 The treatment procedure of the multiple modular capsule robot.

This procedure can be summarized as follows. Patients
drink plenty of water and medicine liquid to swallow the
necessary modules one after another. The modules pass
through the gastrointestinal tract and reach to the focus. The
surgeons conduct the robot to form certain structures to
operate clinical manipulations. Afterwards, the robot separates
into several modules. These modules pass through large
intestine and are excreted at anal orifice.
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The direction of linear motion depends on the rotation
direction. The DPMs rotate with external electromagnetic field.
It is possible to change the rotation direction by adjusting
phase difference of input electric currents. From this point,
DPMs are a substitute for controllers and batteries.
TABLE I
PARAMETERS OF TWO MODULES

Property
Length of the body
Diameter of the body
Weight
Radius of the DPMs
Radius of the JPMs

Module 1
18 mm
16 mm
3.64 g
3 mm
1 mm

Module 2
34 mm
16 mm
5.59 g
3 mm
1 mm

C. Design of the Rotational Electromagnetic Field
The size limitation of a millimeter-sized robot for
biomedical use makes it difficult to include certain
components, such as a battery, motors, and controller. To
overcome this limitation, the actuation of capsule robots using
rotational electromagnetic fields has been studied[22].
Helmholtz coils have developed effective and efficient
manipulative methods by virtue of their uniform magnetic field
generated by identical electric currents. In particular,
three-axis Helmholtz coils have been proposed for efficient
locomotive control of magnetic objects moving in a liquid
environment. In this paper, the DPMs rotate in an external
electromagnetic field, and the screw body changes the
rotational force into the propulsive force of the capsule robot.
Indeed, the Helmholtz coils generate a fully uniform magnetic
field in the center area. Therefore, a combination of three pairs
of Helmholtz coils can be set in a large region of interest. The
three pairs of Helmholtz coils should have different
dimensions for the effective assembly of the coils. The detailed
specifications of the three-axis Helmholtz coils are given in
TABAL II.
TABLE II
SPECIFICATIONS OF THE THREE-AXIS HELMHOLTZ COILS
Property
X-axis
Y-axis
Z-axis
Length*Width
18*18 cm
22*22 cm
26*26cm
Turns
500
620
740
Magnetic field
3880.9 (A/m)
3880.9(A/m)
3880.9(A/m)
Materials
copper
copper
copper
Diameter of copper
1.25 mm
1.25 mm
1.25 mm
wire

The efficient of locomotive guidance for a single robot in
the magnetic field has been verified in several works. However,
when the number of robots accumulates, the issue turns to be
complex. Since the DPMs rotate via external electromagnetic
field to make the modules move separately, it becomes more
difficult to steer several modules or manipulate them at the
same time. This paper focus on this issue and tries to address
this setback by different start frequencies of the modules.

The control principle of the electromagnetic field and
DPMs are illustrated in Fig. 4. The square represents the
external electromagnetic field.

Fig. 4 Schematics of rotational electromagnetic field acting on DPMs.

(a) Electric currents for clockwise rotation.

III. MECHANISM MODEL FOR DIFFERENT START
FREQUENCIES
A. Magnetic Force
Positioned in the center of the uniform rotating magnetic
field, the multiple modular capsule robot is propelled along its
long axis. The magnetic dipole moment M m , which is
perpendicular to its moving direction, provides the rotatory
propulsion. The torque applied to the robot is expressed as
M m  Vm M  B

(1)

where Vm and M are the volume and magnetization of the
magnet. B is the magnetic flux density[23].
Besides, the magnetic force Fm , perpendicular to axis of
the capsule robot, is calculated as
Fm  Vm  M     B

(2)

149

(b) Electric currents for anticlockwise rotation.
Fig. 5 Electric currents for different rotation direction of the magnetic field.

Since the movement relies on actuation produced from an
applied magnetic torque, the sinusoidal time-varying fields at
specific rotational frequencies are utilized. Based on the
control principle shown in Fig. 4, rotation of the capsule robot
in an external magnetic field requires at least a pair of forces in
opposite directions, and a torsional moment should be
generated. For the linear locomotion, sine signals with 3 / 2
phase difference provide clockwise rotation and  / 2 phase
difference for anticlockwise rotation. Fig. 5 illustrates the
signal when the capsule robot moves along z-axis direction.
The moving direction can be changed by reversing the
direction of electric currents in the coils[24]. Besides, the

velocity of the robot can be controlled by adjusting the
rotational magnetic field by changing driven frequencies.
B. Hydrodynamics Analysis
Since we guide the robot in pipe filled with liquid, the fluid
effects on the modules depend on Reynolds number regimes.
The Reynolds number of the moving medium can be defined
as

Re 

 ul


the propulsive force and friction are determined by
geometrical parameters. By virtue of variant geometrical
parameter design, the modules can start at different driven
frequencies and be controlled under respective frequencies
range without overlapping.

(3)

where  is the density of the fluid, u is the velocity of the
module, l is the characteristic length of the module, and  is
the dynamic fluid viscosity. In this paper, the multiple modular
capsule robot is driven in water. The moving environment can
be regarded as laminar flow.
The propulsive force and torque of the swimming motion
based on screw structure have been calculated by symmetric
matrix[25]. The symmetric matrix equation is given by
 F   A B  v 
(4)
 
 
    B C   

Fig. 6 Geometrical parameters of the screw structure.

IV. EXPERIMENTS AND RESULTS

where F is the non-fluidic applied force,  is the non-fluidic
applied torque,  is the axial speed, and  is the angular
velocity. The definition of the parameters in the symmetric
matrix are given as
 k cos 2   k2 sin 2  
A  2 nR  1
(5)

sin 



To verify the active locomotion of a multiple modular
capsule robot, the experimental platform is established for the
two modules. The experimental platform composed of signal
generators, amplifiers (inside the crate), three-axis Helmholtz
coils, a magnetometer (CESTSEN, HT201), a tachometer
(UNI-T, UT372) and PVC pipe with the diameter of 19 mm.
The whole experimental platform is shown in Fig. 7.

B  2 nR  k1  k 2  cos 

(6)

 k sin 2   k2 cos 2  
C  2 nR  1

sin 



Based on the theoretical analysis of the designed capsule
robots in Section IV, the geometrical parameters of Module 1
and Module 2 are given in TABLE III. The two modules
should realize basic motion in the pipe filled with water, such
as start, stop, combination and separation.

(7)

where n is the spiral numbers. R is the radium of the screw
and  is the spiral angle. k1 and k 2 are two constants related
to robotic geometrical parameters and proportional to fluid
viscosity. The geometrical model is established in Fig. 6.
When the external electromagnetic field rotates at low
frequencies, the module tries to rotate synchronously with
magnetic field. However, the module is not able to move
axially because the friction is stronger than the propulsive
force at low angular velocity. The friction is expressed as
f   (G  Fb )

(8)

where  is the friction coefficient, G and Fb are the gravity
and buoyancy of the module.
As the frequency of the magnetic field increases, the
module obtains higher angular velocity. The propulsive force
increases as well. The module performs axial motion only
when the propulsive force is enough to overcome the friction.
The frequency which enable the module to move axially is
defined as start frequency. As shown in Equation (4) and (8),
150

Fig. 7 Photograph of complete experimental platform.
TABLE III
SPECIAL DESIGN OF TWO MODULES
Property
Module 1
Pitch
3 mm
Spiral numbers
4
 /4
Spiral angel
Depth of the screw
2 mm
Width of the screw
2 mm
Quantity of DPMs
1

Module 2
12 mm
2
 /4
4 mm
4 mm
2

The characteristic of an individual module is verified
separately when there is one module in the pipe. The
experimental result is shown in Fig. 8. During the procedure,
the experiment is carried out by changing the frequencies of
input electric currents from 0 Hz to 20 Hz, and the amplitude
of input voltage is fixed at 7 V. The average velocities of two
modules are set down. The start frequency of Module 1 is 6 Hz
and Module 2 is able to move forward at 1 Hz. They move
faster as the frequency increases before they stop. The speeds
of two modules peak at 4.75 mm/s and 6.35 mm/s separately.
They come to a stop at 19 Hz and 8 Hz separately. These
results demonstrate that two modules can be controlled at
different frequencies. From 8 Hz to 18 Hz, Module 1 moves
while Module 2 comes to a stop. From 1 Hz to 5 Hz, Module 2
performs the active locomotion but Module 1 remains where it
is.

1 had a short displacement at the beginning of the separation,
that was because magnetic force of the JPMs pulled it to follow
Module 2. The separation procedure is shown in Fig. 10.

Fig. 10 The video snapshots of separation procedure.

V. CONCLUSION

Fig. 8 Results of moving speeds under different driven frequencies.

Fig. 9 The video snapshots of combination procedure.

According to the different driven frequencies, the
combination and separation experiments are carried out. The
combination procedure is shown in Fig. 9. Initially, the two
modules are placed away from each other. Then Module 1
moves toward Module 2 under the driven frequency of 8 Hz.
At this frequency, Module 2 stays in the original position. As
Module 1 gets closer, the JPMs of the two modules attract
them together.
During the separation procedure, Module 2 moves forward
under the driven frequency of 3 Hz. Module 1 rotates with
rotational electromagnetic field but it can hardly move forward.
Therefore, the distance between two modules enlarges and
Module 2 separates from Module 1. We also find that Module
151

In this paper, a multiple modular capsule robot with screw
structure, actuated by rotational electromagnetic field, is
proposed, fabricated and tested. Due to space constraint of
body cavities and size limitation of microrobots, the
different-frequency driven approach for a multiple modular
capsule robot is proposed. Reconfigurability is regarded as a
requisite feature to allow the modules to travel through various
segments of the tract. With the functional diversity principle,
these modules are expected to be swallowed into human body
and form various structures. Based on this scheme, two types
of modules are designed and fabricated.
It can be seen that the screw structure outside of the
module’s body provides efficient kinematic performance. As
the DPMs rotate with rotational electromagnetic field, water
between the screw blades generates propulsive force and
overcomes the friction. JPMs allow robots to combine as they
come close. In this paper, two modules with different
geometrical parameters have been designed as an example.
The different start frequencies driven approach is capable of
steering two modules under the identical rotational
electromagnetic field. The locomotion mechanism of
diversified movements is efficient for modular structure. The
start frequencies of two modules are 6 Hz and 1 Hz separately,
which meets the requirements of independent guidance of the
robot. The combination and separation experiments are carried
out in pipe filled with water, which verifies our approach. The
future work will focus on steering the multiple modular
capsule robot in stomach model. In addition, we will test this
robot in vivo.
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