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Abstract
Research on capsule robotics has been going on for many years, it has extensively applied to the field of endoscopy. The
biggest advantage of capsule robots is that they can be swallowed, move in narrow channels, drug delivery and surgery.
However, to make itself be able to move in tight spaces, capsule robot must keep its volume small enough which means it
also becomes the biggest challenge of the development of capsule robots. This paper carried out a series of simulations and
experiments in order to evaluate the characteristic influence of different structures on motion performance for a magneticactuated screw jet microrobot (SJM). The whole system consists of three main parts, the power supply section, three-axes
Helmholtz coils are to provide a uniform controllable rotating magnetic field; the simulated intestinal part, a transparent
plastic pipe; a screw jet microrobot, it consists a radially magnetized O-ring type neodymium magnet and a rotating screw
jet structure. Although we carried out this kind of robot over past few months, it still has a lot of uncertainty on the motion
performance. The previous papers have proposed this type of magnetic actuated screw jet microrobot and its driving
device, principle, etc., since we proved it can run smoothly (extra degree of freedom that enables various advanced
functions such as axial position control). The research in paper consists of three evaluation parts, separately evaluated shell,
screw, and different liquid environments. The first part evaluated the inlet and outlet size on the shell section, as for the
second part, we evaluated the effect on screw with different pitch. The last part of the experiment is about experimenting
different kinds of liquid. We also did the simulations and discussed about the motion performance in order to make sure
that our results is realizable before the experiments. 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.
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1 Introduction
The traditional capsule robots have been applied for many
years, they are swallowable, painless and miniaturized. The
development of capsule robots provides a new painless
method for diagnosis and treatment of injuries in the field
of gastrointestinal tract (GI tract) (Dey et al. 2017). However, the small volume becomes its upper limit which
means the challenges of robot design, integrated functional
modules and driving energy problems. 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 m. 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 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 (Fu et al. 2017;
Guo et al. 2018).
However, there are still many shortcomings in the
developed robots (Lee et al. 2018), 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 h (Guo et al.
2002, 2003; Yim 2012).
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 (Zhang et al. 2009; Lee et al. 2009). So
the screw jet microrobots are developed to overcome this
problem, we added a shell to the outside of the rotating
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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
(Guo et al. 2017).

Fig. 1 Design of SJM. A Structure of SJM. B Profile structure. a.
Shell, b. Screw, c. Shaft, d. Bearing, e. Radiallymagnetized O-ring
type magnet. C Three-dimensional (3D) model
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2 Control module

2.3 Three-axis Helmholtz coils

2.1 Modeling and driving principle of SJM

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 three-dimensional space, the role of threeaxes Helmholtz coils is to provide the power of rotation for
SJM, in addition, the parameter of each axis has shown in
Table 1.
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
Eq. (2) (Fu et al. 2015b, 2016).
2 3
Bx
B ¼ 4 By 5
2 Bz
32 3
a cosðxtÞ cos a
0
0
Ix
54 Iy 5
¼4
0
b cosðxtÞ cos c
0
0
0
c cosðxtÞ cos b
Iz

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 screw microrobot (Guo
et al. 2013), 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. According to Newton’s second law,
we derive the following Eq. (1):
FP  FD  Fsin h  Gsin h þ m

dv
¼0
dt

ð1Þ

where FB is buoyancy, FD is drag force, FP is the
propulsive force, G is gravity force, m is the mass of
microrobot, v is speed. h is the angle between the microrobot’s movement direction and the horizontal direction.

2.2 Experimental platform
The image of experimental platform has shown in Fig. 2. It
consists of two main parts, a three-axes Helmholtz coils
and a wireless capsule microrobot, in which the three-axes
Helmholtz coils play the role of providing energy, we can
also control the speed of microrobot by changing frequency
of magnetic field. As for the microrobot, it’s a carrier for
surgical function, drug delivery and real-time image
function, it runs in the PVC pipe.

ð2Þ
where Bx (t), By (t), and Bz (t) denote the magnetic flux
densities of the x-, y- and z-axes, respectively; a, b, and c
denote the angles between the moving direction of the
microrobot and the x-, y-, and z-axes, respectively; and a,
b, and c are constants of the three Helmholtz coils. The
simulation results and experimental results are shown in
Figs. 3 and 4.
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 three-axes Helmholtz coils
is given by the Eqs. (3) and (4) (Peyer et al. 2013; Kim and
Ishiyama 2014):
F ¼ V(M  rÞ  B

ð3Þ

T ¼ VM  B

ð4Þ

where, B is magnetic flux density, M is the magnetization
of the magnet and V is the volume of the magnet (Arcese
et al. 2013).

Fig. 2 Experimental platform

123

Author's personal copy
Microsystem Technologies
Table 1 Three-axis Helmholtz
coil parameters

Turns N

Coil radius r (mm)

Distance d (mm)

Resistance R (X)

X axis

125

142

150

2.4

Y axis

150

175

175

3.3

Z axis

180

200

200

4.5

Fig. 3 Simulation result of magnetic field intensity (Fu et al. 2014)

Fig. 6 Simulation result on velocity with 4 mm inner radius

Fig. 4 Experimental result of magnetic field intensity (Fu et al. 2014)

Fig. 7 Simulation result on velocity with 4.5 mm inner radius

3 Experiments and results of characteristic
3.1 Simulation on different inlet (outlet) size
of the shell
Fig. 5 Simulation model and simulation results on velocity
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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 or outlet will
affect the robot’s speed and other parameters.
The results in the Figs. 5, 6, 7, 8, 9, 10 and 11 are for
different outlet velocity simulations, we set a dynamic
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Fig. 11 Comparison of Simulation result and experimental result on
velocity (5 rad/s)

Fig. 8 Simulation result on velocity with 5 mm inner radius

When the microrobot runs inside the PVC pipe, which is
completely filled by the liquid, the liquid pass from one end
of the microrobot and leaves the other end 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. Consider 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
Eq. (5) (Fu et al. 2015a):
Q ¼ A1 V1 ¼ A2 V2

ð5Þ

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 Eq. (6):
Fig. 9 Simulation result on velocity with 5.5 mm inner radius

Fp ¼ qQV2 ¼ qQ 

Q
Q2
¼q 2
A2
A

ð6Þ

where Fp is the propulsive force, q is the density of liquid.
According to Eqs. (7) and (8),

1 
ð7Þ
Q ¼ A1 V1 ¼ A2 V2 ¼ p R2  r 2 L  C
2
1
V / 2 ; r 2 ½4:5; 6
ð8Þ
r

Fig. 10 Simulation result on velocity with 6 mm inner radius

model based on geometrical parameters whose inner radius
(r) is changing from 6.5 to 4 mm (radius, R = 7 mm) to
evaluate the influence of the inlet or outlet size.

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.
But the reality is not the case like this, for instance the
drag force plays a role of the resistance when the SJM
running in the pipe, the drag force is related to the fluid and
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Table 2 Average outlet velocity
Inner radius (mm)

Simulation results of different
outlet inner radius (mm/s)

4

6.70816

4.5

6.98805

5

7.55492

5.5

7.89429

6

5.40993

6.5

4.34813

on the size, shape, and speed of the object. One way to
express this is by means of the drag Eq. (9):
FD ¼ CD Sq

v2
2

ð9Þ

The simulation results on velocity of outlet section are
shown in Figs. 3, 4, 5, 6, 7 and 8 and Table 2 are for
different outlet velocity simulations. The result was simulated by ANSYS 17.0 CFX, in Geometry section, we
changed the inner radius from 6.5 to 4 mm (Radius
R = 7 mm) 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. 11, the velocity is showing an increasing trend, but
the 6–6.5 mm’s radius velocity begins to decrease. The
5.5 mm inner radius has the peak velocity, however, there
are some limitations of our 3D printer such as the accuracy,
finally we chose 5 mm inner radius using on our robot’s
shell.

trend, but the 6–6.5 mm’s radius velocity begins to
decrease. The 5.5 mm inner radius has the peak velocity,
however, there are some limitations of our 3D printer such
as the accuracy, finally we chose 5 mm inner radius using
on robot’s shell.
In the Geometry part, it includes three parts, screw,
rotating model and water. Then we created two Boolean
parts by subtract, the first one was subtracting rotating
model from water and preserve the tool body, as for the
second one, it used screw subtract from rotating model, and
didn’t preserve the tool body. The simulation results are
shown in Fig. 12. In order to be able to infer the relationship between speed of different pitches microrobots
and magnetic flux density changing frequency, we control
the shell, inner shell, radially magnetized O-ring type
magnet and other parameters remain unchanged. We also
keep the current the same to control the magnetic field in
the same condition.

3.3 Different pitch microrobot
Different pitch microrobots have shown in Fig. 13. We
kept the length of the robot in the case of the same and
made four different pitch microrobots. Pitch is the distance
of two screw center points, the pitch (P) is 14, 9.3 and
7 mm respectively while keeping the overall length (L) of
the internal part is 28 mm (Guo et al. 2017).

(a)

3.2 Simulation of different pitch

P

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, the velocity is showing an increasing

(b)

Fig. 12 Outlet velocity on x–z plane
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Fig. 13 Different pitch screw module. a Robot’s internal screw
device. b Picture of different pitch screw device
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3.4 Experiment of different internal structures
In the experiments, we adjusted the magnetic flux density
changing frequency from 0 to 15 Hz. We controlled the
magnetic flux density with each step 0.5 Hz and then
measured the speed of the microrobot on three different
pitch. The experimental results and the fitting curve shows
the relationship between the magnetic flux density changing frequencies and speed is linear before 15 Hz. The speed
will increase as the frequency increases and it reached the
maximum speed at 5 Hz and began to fluctuate. When the
robot was moving at high frequency, there are many factors
that can cause the movement to be unstable, such as
imbalance, resonance and other factors. The experimental
results of different internal structure have shown in
Figs. 14, 15 and 16. The results comparison between
experimental results and simulation result is shown is
Fig. 14.
The Eq. (10) is the relationships between moving speed
and frequency of the magnetic flux density of different
pitch microrobots. Where, v is the moving speed and f is
the magnetic flux density changing frequency:
2P Fitting Curve : V ¼ 7e  05f 4 þ 0:0037f 3
 0:0757f 2 þ 0:885f  1:3343
4

3P Fitting Curve : V ¼ 7e  05f þ 0:0036f

3

Fig. 15 The video snapshots of velocity experiment. a SJM at the
starting position. b SJM at the final position

 0:0655f 2 þ 0:6769f  0:9569
4P Fitting Curve : V ¼ 4e  05f 4  0:0025f 3
þ 0:042f 2  0:026f þ 0:142
ð10Þ
When the frequency at around 10 Hz, the speed began to
decrease significantly. We can also get the conclusion that
inreasonable circumstances, microrobot of 2 pitch’s speed
is faster than the speed of 3 pitch’s and 4 pitch’s. The more
the pitch becomes, the sooner the move stops, after the
14 Hz the microrobot did not move in the pipe because the
Fig. 16 Experimental results on different pitch

microrobot can no longer rotate continuously, we suspected
that one of the reasons is resonance, it is related to natural
frequency, microrobot’s weight and other parameters.

3.5 Motion performance in different liquid

Fig. 14 Comparison of simulation and experimental results on
different pitch

In the experiment about different liquid, we kept the temperature at around room temperature, there are three different kinds of liquids, water, milk and rapeseed oil. By the
experimental results of different kinds of liquid which have
shown in Fig. 17, we can see the speed trend of the robot in
different liquid, is same as the experimental result as water.
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resistance has the highest speed. The trend of speed is also
linear.

4 Conclusion

Fig. 17 Experimental results on velocity of different liquid

But different liquids have different liquid properties, the
hydraulic resistance will change with drag coefficients.
The Reynolds number of our research can be regarded as
the case of low Reynolds number, the liquid is the laminar
regime and the Eq. (11):
Re ¼

qvD
l

ð11Þ

where q is the density of the fluid, v is the speed of
microrobot, D is the diameter of microrobot, l is the viscosity coefficient of the liquid. From Eqs. (1), (9) and (11),
in the case of the same propulsion, we can know that with
the increasing of speed, hydraulic resistance will become
larger, this is the reason of microrobot’s speed is not infinitely increasing. We also found that we can get more
stable experiment results in the liquid which has higher
drag coefficient. There are many factors that affect the drag
force, such as resonance, with the increasing of speed, CD
will be changed very complexly. This is a certain deviation
between result of the experiment and the discussed the
theory.
In the experiment about different liquid, we kept the
temperature at room temperature, we did three different
kinds of liquids, water, milk and rapeseed oil. As for the
pitch, we kept it on 2 pitch, in order to make the robot’s
parameters the same.
In the third progress of experiment, we evaluated the
effect on drag coefficient, this experiment verifies our
previous theory that speed will not infinitely be increasing,
due to the experimental conditions, and the propulsion
force will be decreased with the increasing of hydraulic
resistance. We will evaluate the effective experimental data
before the rate of decline. When the robot reach the highest
speed, the velocity of running in the water is 42% higher
than the velocity in milk, and 78% higher than the velocity
in oil, and the highest velocity increasing slope is the robot
running in water which is 16.7% higher than that in milk,
which is 32.3% higher than that in oil. So in the Fig. 10
when the robot moving in water with lowest hydraulic
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The published papers have analyzed the driving device,
principle and movement characteristics, discussed the
effect on different flow (by changing the height). 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
motion performance of robots with different pitch with
different motion characteristics, first part is about the
evaluation of the inlet size on the shell module, then we
have chosen the fastest solution for the average flow rate at
the inlet. 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. As for different pitch
internal structure experiments, the experimental data shows
that the 2 pitch microrobot has the highest speed and it
performs better than the other two at start frequency and
stop frequency, the experimental results also become a
linear, and its speed is more stable at low frequencies it has
played a positive role in evaluating our athletic characteristics, the difficulty of this experiment is to control the
other variables when replacing the robot.
We also evaluated 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 of SJM and the
research purpose in this paper is to evaluate the evaluation
of the outlet size on the shell module, then we have chosen
the fastest solution for the average flow rate at the inlet.
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
Eqs. (3), (4), 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.
In the second progress of experiment, we evaluated the
effect on drag coefficient, this experiment verifies our
previous theory that speed will not infinitely be increasing,
because the propulsion force will be decreased with the
increasing of hydraulic resistance.
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