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many advantages in the endoscopy procedure. On balance, the
wireless capsule endoscopy is more and more popular due to
non-invasive and painless. The common commercial products
in the capsule endoscopy market move through the GI tract by
the intestinal peristalsis. Since its passive movement method,
the capsule endoscope will have limited images of information
for medical diagnosis [5]. The situation determines that some
people need to be checked and treated further to avoid
misdiagnosis. Therefore, many research groups focus on the
development of the active movement capsule robot to overcome
these limitations. The operators have the ability to control the
robot's locomotion in the GI tract.
M. Sitti et al. presented a fine-needle biopsy capsule robot
driven by a designed magnetic actuation system [6]-[8]. The
system is composed of multiple electromagnets and it makes
the robot rolling inside the stomach. G. Jang et al. proposed
crawling magnetic robots can crawl in tubular environments by
external magnetic fields [9]-[10]. It consists of an actuating
body, steering bodies and flexible legs. The external magnetic
fields generated by a magnetic navigation system consists of 3
pair of electromagnetic coils. J. Gao et al. presented a motorbased capsule robot powered by wireless power transmission
[11]-[13]. The capsule robot can active movement in the
intestinal tract by using an inchworm mechanism. The
mechanism consists of two expanding devices at both ends and
a middle extensor and it worked by the wireless power
transmission. M. Meng et al. proposed a magnetic capsule
endoscope driven by novel electromagnetic actuation system
[14]-[16]. The robot can realize rotating locomotion controlled
by the designed system that consists of 8 electromagnetic coil
modules. Crawling and rotating motions are very common
active methods for the microrobot locomotion. Most of these
methods are supporting by the extra magnetic field.
In our previous research, several magnetic actuated
microrobots were developed [17]-[20]. The developed
microrobot can swim in the pipe by spiral structure or the fin
structure. Among these microrobots, we proposed a magnetic
spiral microrobot and then evaluated its performance with
various spiral numbers in a transparent pipe filled with water.
We all know that the environment of the GI tract is very

Abstract – Capsule microrobot has the potential to replace
traditional endoscopy as a means of diagnosis and treatment. We
proposed an outer spiral microrobot actuated by the magnetically
actuated system in our previous research. A set of three-axes
Helmholtz coil is used as the magnetically actuated system to
generate the uniform rotating magnetic field. The outer spiral
microrobot has a variety of movement methods because of its outer
shape characters. This characteristic improves the feasibility of
microrobot when it moves in multiple environments of the
gastrointestinal (GI) tract. This paper analyzes the movement
mode of the microrobot under different conditions. An outer spiral
microrobot was fabricated and evaluated through two
experiments with different environments. Experimental results
show that the outer spiral microrobot has different speeds in the
pipe with and without fluids. This study preliminarily explores the
influence on the velocity control of the outer spiral microrobot and
can be used as a reference for design and control of the microrobot
in the GI tract.
Index Terms - Capsule microrobot, outer spiral microrobot,
magnetically actuated system, multiple environmental pipes.

I. INTRODUCTION
The gastrointestinal (GI) tract is an important organ system
that helps people extract and absorb nutrients from food and
expels the waste as faeces. Human’s GI tract main consists of
the oesophagus, stomach, and intestines, that the structures
between the mouth and anus [1]. According to related reports
of medical research [2], millions of people are troubled in
different kinds of GI diseases. Moreover, some people are
plagued by multiple types of GI disorders simultaneously.
Common GI disorders including stomach pain, ulcers gastritis,
digestive tract bleeding and so on. Without the earlier-stage
diagnosis and treatments, these common diseases may result in
serious GI disease called GI cancer. At the present stage, GI
cancer is one of the most common causes of all cancer death
[3].
Doctors often recommend an endoscopy to help people
evaluate digestive conditions [4]. The patient can choose the
wired endoscope or the wireless capsule endoscope by their
requirements. Both of these two types of surgical methods have
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complex as it consists of multiple organs. The GI tract is not
always filled with the liquid but part of gas. In order to verify
the performance of the spiral microrobot moving in the different
environment pipes and improve the validity and the persuasive
of robot applications in the GI tract, this paper explores the
influence on the velocity control of the microrobot in the pipe
with different environments.
The structure of this paper is as follows. Section II describes
the whole magnetically actuated system and the control
principle of the microrobot. Section III analyzes the locomotion
methods of the microrobot in different environments. Section
IV establishes the experiments to verify the performance of
robot locomotion in pipes. Finally, the conclusion and future
work are summarised in Section V.

Fig. 1. Schematic diagram of the whole system.

II. CONTROL METHOD
A. System Overview
The schematic diagram of the whole system and signal
transmission is shown in Fig. 1. Doctors operate the control unit
and then the control signal is sent to the power supply
immediately. The power supply provides the current to the
magnetic field generating device in order to generate the
required magnetic field. Here, we use a set of 3-axis Helmholtz
coil as the magnetic field generating device to generate the
rotating magnetic fields. At the beginning of the surgical
procedures, patients swallow the microrobot and lie inside of
the Helmholtz coils. The swallowed microrobot moves in the
patient’s digestive tract. The position and posture of the outer
spiral microrobot are remotely controlled by the magnetically
actuated system. An image sensor mounted on the front of the
microrobot gets the image information from the GI
environment and then the image information is displayed
through
the
monitor.
Doctors
can
judge
the
condition of patients through the medical images showed on the
monitor.
Fig. 2 shows the magnetically actuated system. A set of 3axis Helmholtz coil is used to generate an external rotating
magnetic field effectively. Each pair of Helmholtz coil can
produce a uniform magnetic field in the corresponding
direction. In addition, three pairs of Helmholtz coils are
orthogonally arranged, so they can generate uniform magnetic
fields in three dimensions. The major parameters of the 3-axis
Helmholtz coil are shown in TABLE I. We use a computer as
the controller to control a signal generator sending the signal to
the power amplifier. The power amplifier provides the required
current for the Helmholtz coils. A pipe is placed in the middle
of the 3-axis Helmholtz coils to imitate the human GI tract. The
outer spiral microrobot can be manipulated in the pipe by
changing the size and direction of the rotating magnetic field.

Fig. 2. Proposed magnetically actuated system.

(a) Rotating magnetic fields
(b) Propulsive mode
Fig. 3. Manipulate principles of the outer spiral microrobot
TABLE I
MAJOR PARAMETERS OF 3-AXIS HELMHOLTZ COILS
Diameter
Resistance
Wire Diameter
Direction
Coil turns
(mm)
(mm)
(Ω)
x

400

180

4.5

1.5

y

350

150

3.3

1.5

z

284

125

2.4

1.5

magnet is placed in the middle of the outer spiral microrobot
and it experiences a magnetic torque under the action of the
external rotating magnetic field (Fig. 3 (b)). The permanent
magnet drives the microrobot rotating synchronously with the
changing frequency of the external magnetic field. The outer
spiral microrobot uses the magnetic torque generated by the
internal magnet in the rotating magnetic field propels along the
pipe (Fig. 3 (b)). According to the direction of the magnetic
field rotation, the outer spiral microrobot can rotate in different
directions and move forward and backward freely.

B. Principles of Manipulation
In this paper, we used two pairs of Helmholtz coil to generate
the external rotating magnetic field. The external rotating
magnetic field is shown in Fig. 3 (a). A cylindrical permanent
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III. MOVEMENT ANALYSIS
The amount of fluid in different parts of the GI tract varies,
and the moving states of the microrobot can be divided into two
types according to the position of the microrobot in the liquid.
As shown in Fig. 4(a), when the buoyancy provided by the fluid
is equal to the gravity of the microrobot ( Fb =G ), the
microrobot suspends in the fluid and this state is called
"swimming state". The microrobot, on the contrary, stays on the
wall of the GI tract when the gravity is larger or smaller than
the buoyancy. Then microrobot is in crawling state and can
crawl along the wall of the GI tract ("crawling state", shown in
Fig. 4(b)-(d)).
When the microrobot is in the swimming state, the traction
for the microrobot comes from the driving force generated by
the liquid. The liquid can generate axial propulsive force and
axial resistance when the microrobot rotates. The axial
propulsive consists of the projected component of the shearing
stress in the x-direction and the motive power generated by the
normal stress. The axial resistance is the projected component
of the shearing stress in the y-direction. The microrobot gets a
movement balance and reaches the maximal velocity when the
axial propulsive force equals to the axial resistance.
As shown in Fig. 3, the zone between the microrobot and the
GI tract is divided into zone A and zone B. Zone A is the space
between the surface of the microrobot and the GI tract; zone B
is the space between the surface of the spiral wing and the GI
tract. So the edge shape equations of zone A and zone B are as
follows:

h
h ( x)=  A
hB

x  [0, a)
x  [a, a + b]

(a) Swimming state

(c) Crawling state
(d) Crawling state
Fig. 4. Different states of the microrobot with different environments.

Fig. 5. Force analysis diagram of the microrobot in the “swimming state”.

The normal stress is generated by the fluid pressure against
the spiral wing. The stressed area of the spiral wing can be
obtained by
S = π[(hA − hB ) + 2rM ]NhA

(1)

L

F =  pA Sdx
o

h2 h b + hB3 a
6U
(1 − A 3 B
)x
2
hA
hA b + hB3 a

(5)

where L is the length of the robot in the axial direction.
Substituting (3) and (4) into (5) and performing the integral
calculation result in

(2)

F=

where p( x, y) is the fluid pressure,  is the dynamic viscosity of
the fluid, U is the velocity of zone A (or zone B) relative to the
pipe, and h( x) is the edge shape equation of zone A (or zone
B).
Substituting (1) into (2) results in the fluid pressure in zone
A, and it can be expressed as can be obtained by substituting (2)
into (1) and they are as follows:
pA ( x, y) =

(4)

where S is the stressed area of the spiral wing, rM is the radius
of the main body of the microrobot (except the spiral wing), and
N is the number of the spiral wing.
The motive power generated by the normal stress ( F ) can
be obtained by

where a is the width of zone A in the axial direction, b is the
width of zone B in the axial direction, hA is the distance of zone
A from the GI tract, and hB is the distance of zone B from the
pipe.
According to the Reynolds equation, the distribution function
of fluid pressure in zone A or B can be written as
l dx
l dx 

h( x ) −  2
/ 3

0 h ( x)
0 h ( x) 
dp( x, y )

= 6U 
dx
h3 ( x)







(b) Crawling state

3π NUL2 [(hA − hB ) + 2rM ]
h2 h b + hB3 a
(1 − A 3 B
).
hA
hA b + hB3 a

(6)

According to (6), the motive power generated by the normal
stress can be changed by using different numbers of the spiral
wing. The change of the motive power will result in a new
balance of the movement of the microrobot, and thus the
velocity of the microrobot can be altered by changing the
number of the spiral wing.
When the microrobot crawls along the surface of the GI tract
(in the "crawling state"), two different movement states exist

(3)
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according to the displacement relative to the surface of the GI
tract. The microrobot receives the propulsive force generated
by the liquid when the liquid exists. Since the spiral wing of the
microrobot interacts with the surface of the GI tract, the friction
force is generated and acts on the microrobot. If the value of the
friction force is less than that of the propulsive force, the
microrobot crawls without no slide relative to the surface of the
GI tract. Otherwise, the microrobot will slip while crawling
along the GI tract. The distance of the slide is affected by
multiple factors. As shown in Fig. 4 (b), the microrobot crawls
with a slide due to a relatively large propulsive force since the
fluid fills the GI tract in this state; the microrobot performs a
crawling movement without a slide when the fluid fills part of
the GI tract and the propulsive force is less than the friction
force (Fig. 4 (c)). Additionally, the microrobot will also perform
a crawling movement when there is no fluid in the GI tract (Fig.
4(d)).
If there is no slide when the microrobot performs a pure
crawling action, the displacement or the velocity of the
microrobot depends on the rotation of the microrobot and the
characteristic of the spiral wing. So the velocity of the
microrobot can be calculated by

35

30
With water

30

(7)

20
15
10

Without water

20
15
10
5

5
0

where v is the velocity of the microrobot, n is the rotation
speed of the microrobot, N is the number of the spiral wing,
and p is the lead of the spiral wing. However, we conducted
many experiments and found that the slide still exists when no
fluid exists in the GI tract. This is because the microrobot jumps
in the GI tract when it is driven by the friction force (generated
by the rotation) and it results in that the direction of the
movement differs from that of the friction force. In this paper,
we try to preliminarily explore the influence on the velocity
control of the microrobot. Therefore, we will not investigate the
movement of the microrobot in the pipes full of and without
fluid.

With water

25

Without water

25

Speed (mm/s)

nN
p
60

(a) With no water
(b) Filled with water
Fig. 7. Experiments in the pipe with no water and filled with water.

Speed (mm/s)

v=

(a) Fabricated parts
(b) Assembled microrobot
Fig. 6. Prototype of the outer spiral microrobot.

0
0

1

2

3

4

5

6

7

Frequency (Hz)

8

9

10 11

0

1

2

3

4

5

6

7

Frequency (Hz)

8

9

10 11

(a) Moving forward
(b) Moving backward
Fig. 8. Experimental results of the outer spiral microrobot.

To evaluate the performance of the outer spiral microrobot,
locomotion performance was evaluated in different
environments. A magnetically actuated system was used to
generate a rotating magnetic field and a pipe was located in the
magnetic field. (shown in Fig. 2). The outer spiral microrobot
is placed in the pipe with 20 mm diameters. The signal
generator output two sinusoidal signals. The microrobot moved
forward or backward with the signal’s phase difference of π/2
or 3π/2. The experiments were carried out in two different
environments: the pipe with or without water (Fig. 7). Fig. 7
(a) shows the experimental setup of outer spiral microrobot
moving in the pipe with no water. Fig. 7 (b) shows the
experimental setup of outer spiral microrobot moving in the
pipe filled with water. By changing the frequencies of the
rotating magnetic fields, the outer spiral microrobot moved
forward or backward with different working frequencies. The
speeds of the outer spiral microrobot with different working
frequencies were recorded. Every experiment was conducted
with ten trials.
The experimental results were calculated and shown in Fig.
8. Fig. 8 (a) shows the speeds of the outer spiral microrobot with
different working frequencies when it moved forward in
different environments. Similarly, Fig. 8 (b) shows the speeds
of the outer spiral microrobot with different working
frequencies when it moved backward in different environments.
The experimental results indicate that the outer spiral

IV. EXPERIMENTS AND RESULTS
The outer spiral microrobot was prototyped and assembled
shown in Fig. 6 (a) and Fig. 6 (b). The outer spiral microrobot
is composed of four parts: spiral body, permanent magnet, top
and end cap. The spiral body and two caps of the microrobot
were made of photosensitive resin and fabricated by 3-D
printing technology. The thickness of the printed parts was set
to 0.5 mm. The inner side of the spiral body was designed to be
hollow, and it can obtain the buoyancy to the microrobot. A
cylindrical permanent magnet was installed in the middle of the
microrobot’s internal. The cylindrical permanent magnet is
made of the NdFeB magnets with a height of 10 mm and a
radius of 2.5 mm. The diameter and length of the spiral body
were 18 mm and 22 mm. Two caps are hemispheres with a
diameter of 10 mm. The lead of the spiral wing is 8 mm and the
number of the spiral wing is 3. When all the parts are assembled,
the length of the outer spiral microrobot is 32 mm.
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microrobot can move forward and backward in the pipe
whatever the pipe is dry or full of water. The microrobot had a
little higher movement speed when it moved forward.
Moreover, the speed of the microrobot increased with the
increasement of the working frequency. This is due to that the
microrobot has higher rotation speed when a higher working
frequency is applied to the permanent magnet inside the
microrobot. When the microrobot swam in the pipe (in the
“swimming state”), the speeds of the microrobot were
significantly larger than that crawled in the pipe (in the
“crawling state”). In the “crawling state”, the microrobot would
jump in the pipe when it rotated and was driven by the friction
force. Therefore, the movement direction of the microrobot
differs from that of the friction force and thus it moved much
slower in this state.
V. CONCLUSION
In this research, we analyzed the movement mode of the
microrobot under different conditions, fabricated an outer spiral
microrobot, and evaluated its movement performance through
two experiments with different environments. The
experimental results indicate that the outer spiral microrobot
can move forward and backwards in the pipe whatever the pipe
is dry or full of water. Moreover, the outer spiral microrobot
can perform different types of movements when the
environment varies. The microrobot has higher speed with a
higher working frequency. The speed of the microrobot in the
same working frequency in the “swimming state” significantly
differs from that in the “crawling state”. This study explores the
influence on the speed control of the outer spiral microrobot.
Additionally, it can be used as a reference for the design and
control of the microrobot in the GI tract. However, we just
preliminarily investigated the speed control of the outer spiral
microrobot and more analysis and experiments are needed to
study this speed control quantitatively. In the future, we will
address this challenge and evaluate the performance deeply.
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