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gastrointestinal area, some of these types of robots’ motion
functions are relatively simple, as a tool for diagnosis and
treatment, microrobots can be used for tasks such as drug
delivery and complex surgical operation.
However, there are still many shortcomings in the
developed robots, for the cable type, the cable can supply the
energy for the microrobot but it is also the biggest disadvantage.
The wireless capsule robot also has the shortcomings, for
example, the energy supply problems during surgery, or it can
not achieve multi-direction movement or even get reach narrow
issue in the human body. In addition, the wireless robot
movement is depended on human’s bowel movement, the time
from swallowing to excretion will cost about 24 hours [1]-[3].
The developed capsule microrobots have an obviously
shortcoming, the rotating structure will take some injure or
discomfort to the patients when the robots moving in humans’
intestinal [4]-[9]. So the SJM was developed to overcome this
problem, we added a shell to the outside of the rotating structure
to isolate it from directly contacting with the human’s intestinal.
However, this type of robot has just been developed, its
parameters and the relationship between motion performances
has not been analyzed yet, such as the relationship between
motion performance and different pitch numbers or different
moving conditions [10]-[13].

Abstract – This paper carried out series of simulations and
experiments for the characteristic evaluation of a Magnetic
Actuated Screw Jet Microrobot (SJM), we can get the conclusion
and contribution of the best characteristic of shell outlet by this
paper, and make a great progress of microrobot design by
analyzing the results. The first part in this paper is some
information about background and related research of the capsule
microrobots, there are some problems or disadvantages of
proposed microrobots also the design concept of our research will
be put forward, as for the second section, it is introducing the
structure design of SJM, we will show the details and give the
research purpose of this paper. Then we will introduce the 3-axis
Helmholtz coils, it is the power module in this research, the driving
principle and propulsive force theory are also been shown in this
section. Finally, the last part is about simulation setup and
experiment of outlet size, combining the simulation results and
experimental results, we will discuss the optimal choice of the
design by the simulation in an ideal environment and the
comparison of experimental results.
Index Terms – Magnetic actuated microrobot, rotating magnetic
field, simulation.

I. INTRODUCTION
The traditional cabled endoscope has been applied for
many years, there are also many disadvantages of conventional
endoscopes, such as it will cause injury to the human’s
intestine, bring discomfort to the patients and there are some
limitations of the cable, the cable makes the patients
uncomfortable and it also can not achieve a long distance
surgery due to the intestine of the human body because it is
about 6.5- 8 meters. Simultaneously, there are many narrow
places in the intestinal, its wired design also limits that it is
difficult to reach the depths in the human body. But capsule
robot has the advantages that traditional cabled endoscope does
not have noninvasive surgery, wireless and smaller volume. At
present, the actuation of capsule robots is mostly dependent on
intestinal tract peristalsis, or dragging forward by external
magnetic field, the former detection time is too long and can not
achieve backward motion, also the dragging motion will take
pain to the patient.
At present, the functions and moving methods of capsule
robots are mostly depended on the target area in the
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II. STRUCTURE DESIGN OF SCREW JET MICROROBOT
The internal structure of our microrobot is shown in the Fig.
1. Each part of the robot has been identified. Comparing to the
previously developed SJM, we added a shell outside the new
type SJM, its usefulness is avoiding the direct friction in human
intestine when the microrobot is rotating. Certainly, the
addition of the shell will take a lot of impact on the movement.
That’s the reason we have to experiment and re-evaluate the
effects of changes in some of the parameters in the experimental
section.
When the robot is running in the human intestine, the
propulsive force is produced by the water which is rotated out
by screw, at the same time, there will be other forces, such as
hydraulic resistance, friction, component force of buoyancy and
gravity[14]-[18]. According to Newton's second law, we derive
the following formula:
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(a) Practicality photo
(b) Simulation model
Fig. 2 Three-axis Helmholtz coils
TABLE I
3-AXIS HELMHOLTZ COIL PARAMETERS
Turns
Coil radius
Distance
N
r(mm)
d(mm)

Resistance
R(Ω)

X axis

125

142

150

2.4

Y axis

150

175

175

3.3

Z axis

180

200

200

4.5

III. MAGNETIC FORCE AND MAGNETIC TORQUE
When the microrobot running in pipe which has a magnet
as an actuator inside driven by an external magnetic field, the
propulsive force and torque are provided by the external
magnetic field. The microrobot can rotate due to the magnetic
torque T. The magnetic force F and magnetic torque T acting
on the magnet inside the external magnetic field generated by
the 3-axes Helmholtz coils is given by the equations (4):

(a. Shell, b. Screw, c. Shaft, d. Bearing, e. O-ring type magnet)
Fig. 1 Structure design of SJM

𝑑𝑣

(1)
where F is buoyancy, FD is hydraulic resistance, FP is the
propulsive force, G is gravity force, m is the mass of
microrobot, v is speed. θ is the angle between the microrobot’s
movement direction and the horizontal direction. When the
microrobot moves inside the pipe, which is completely filled by
the liquid, the liquid passes one end side of the microrobot and
leaves the other end side of the microrobot at the same time.
Since the liquid is incompressible, the volume of liquid through
any perpendicular plane in any interval of time must be the
same everywhere in the microrobot. Considering the inflow
area and outflow area of the microrobot whose cross-sectional
area are inflow area 𝐴1 and outflow area 𝐴2 . The volume of
liquid passing through the inflow area is equal to the volume of
liquid passing through the outflow area for unit time, to give
equation(2):
Q = A1 𝑉1 = 𝐴2 𝑉2
(2)

𝐹𝑃 − 𝐹𝐷 ± 𝐹 sin 𝜃 ± 𝐺 sin 𝜃 + 𝑚

𝑑𝑡

=0

where, B is magnetic flux density, M is the magnetization of the
magnet and V is the volume of the magnet.
We developed driving systems to realize wireless
automatically locomotion of the microrobot. Proposed driving
system, it provides power for the movement of the microrobots
and working environment. The specific rotation principle of the
magnetic field has been discussed in the previous paper.
To ensure that the robot in the pipe in different directions
of the same force and torque, we need a controllable magnetic
field in 3-dimensional space, the role of 3-axes Helmholtz coils
is to provide the power of rotation for wireless microrobot,
shows in Fig. 2. In addition, the parameter of each axis has
shown in TABLE I.
There is a couple of coils on each axis, the center distance
of each pair of coils are denoted by L. When L is equal to radius
R, and the current in each pair is the same. The formula for
magnetic flux density is shown in equation (5).

where, Q is the flow of screw jet motion, 𝑉1 is the inflow
velocity of the area 𝐴1 and 𝑉2 is the outflow velocity of the area
𝐴2 . The propulsive force is defined by equation(3):
𝐹𝑝 = 𝜌𝑄𝑉2 = 𝜌𝑄 ×

𝑄
𝐴2

=𝜌

𝑄2
𝐴2

(4)

T = VM × B

𝐵𝑥
0
0
𝑎 cos(𝜔𝑡) cos 𝛼
0
B = [𝐵𝑦 ] = [
]
𝑏 cos(𝜔𝑡) cos 𝛾
0
𝑐 cos(𝜔𝑡) cos 𝛽
𝐵𝑧
0
0

(3)

where 𝐹𝑝 is the propulsive force, ρ is the density of liquid.
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𝐼𝑥
[𝐼𝑦 ]
𝐼𝑧

(5)

Fig.3 Simulation model and simulation results on velocity

Fig.6 Simulation result on velocity with 5mm inner radius

Fig.4 Simulation result on velocity with 4mm inner radius

Fig.7 Simulation result on velocity with 5.5mm inner radius

Fig.5 Simulation result on velocity with 4.5mm inner radius

Fig. 8 Simulation result on velocity with 6mm inner radius
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V∝

1
𝑟2

,

𝑟 ∈ [4.5, 6]

(7)

where R is the radius of shell, r is the inner radius of the shell,
C is the volume of screw, by this equation, Q, A, V are three
variables, Q is proportional to V. When r belongs to the 4.5-6
interval, the curve of V is decreasing more and more slowly. In
the case of same flow, which means if we want to get a higher
velocity, the slope of the curve should be decreased. That means
when the flow is constant, a smaller cross-sectional area of the
robot shell will show higher velocity.
Certainly, we can also see in the experiment that its velocity
will start to decline at some point. The reason just as people
hold water pipes outlet part to spray water, the velocity will
become faster, but when the outlet space is too small, the water
pipe will become unstable or will not flow out of water.

Fig.9 Outlet velocity comparison of simulation results
TABLE II
AVERAGE OUTLET VELOCITY

Inner
radius

Simulation results of different outlet inner radius

V. CONCLUSION

4mm
4.5mm
5mm
5.5mm
6mm
6.5mm

6.70816mm/s
6.98805mm/s
7.55492mm/s
7.89429mm/s
5.40993mm/s
4.34813mm/s

We developed a Screw Jet Microrobot that can achieve
multi-direction function without injuring human’s intestine.
This type microrobot is driven by 3- axes Helmholtz Coils
which can provide a rotating uniform magnetic field. With the
development of our research, we met some problems and solved
them. For instance, the previous papers have proposed this type
of screw jet microrobot and evaluated the motion performance
[4]-[9], we have also evaluated the influence of different pitch.
We also have analyzed the driving device, principle and
movement characteristics, and discussed the effect on different
flow [16]. And this paper introduced a wireless capsule Screw
Jet Motion microrobot and its working principle based on
previous system. The main work in this paper is to evaluate the
effect of outlet size of the shell on velocity, the first part is about
the relative research in recent years and listed some
shortcomings of them, as for the second section, we showed the
design and principle of SJM and the research purpose in this
paper is to evaluate the influence of the outlet size on the shell
module, then we have chosen the fastest solution for the average
flow rate at the inlet and outlet. Although the simulation part is
an ideal state, we did not consider the friction generated by the
internal rotation of the robot itself, because this force has a
negligible impact on propulsion force.
In the simulation progress of experiment, we evaluated the
effect on inner radius of the shell, according to the equation (6),
(7), we explained the increase and decrease of the velocity, and
this simulation verifies our previous theory that speed will not
infinitely be increasing, because the variable flow is inversely
proportional to the cross-sectional area.
During the progress of experiments, the results were
carried out in a real-world environment, there are many
parameters that affect the experimental results, such as the robot
production accuracy, that’s the reason why the difference
existing in the experimental results and simulation results, we
will focus on the problems in the future works.

where 𝐵𝑥 (t), 𝐵𝑦 (t), and 𝐵𝑧 (t) denote the magnetic flux density
of the x-, y- and z- axes, respectively; 𝛼, β, and γ denote the
angles between the moving direction of the microrobot and x-,
y-, and z-axes, respectively; a, b, and c are constant of three
axes Helmholtz coils.
IV. EXPERIMENTAL AND SIMULATION RESULTS
This section introduces the development of the shell part.
The gap on the shell is used for the water that flows into the
interior of the robot, then the size of the inlet and outlet will
affect the robot's inflow area and outflow area which takes the
influence on inlet and outlet quality. As mentioned before,
when the microrobot moves inside of the pipe, the inlet quality
is equal to outlet quality at the same time.
The simulation results on velocity of outlet section are
shown in Fig.3. to Fig.8. and TABLE II are for different outlet
velocity simulations. The result was simulated by ANSYS 17.0
CFX, in Geometry section, we changed the inner radius from
6.5mm to 4mm (Radius R=7mm) to evaluate the influence of
the size. During the simulation we set a plane on the outlet part,
and carried out the data of outlet velocity for each setting, from
the simulation results and experimental results which have
shown in Fig.9, the velocity is showing an increasing trend, but
the 6mm-6.5mm’s radius velocity begins to decrease. The
5.5mm inner radius has the peak velocity, however, there are
some limitations of our 3D printer such as the accuracy, finally
we chose 5mm inner radius using on our robot’s shell.
According to equation (6) and (7),
1

Q = A1 𝑉1 = 𝐴2 𝑉2 = 𝜋(𝑅2 − 𝑟 2 )𝐿 − 𝐶
2

(6)
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