Micromachines 2015, 6, 1272-1288; doi:10.3390/mi6091272

OPEN ACCESS

micromachines

ISSN 2072-666X
www.mdpi.com/journal/micromachines

Article

Characteristic Evaluation of a Shrouded Propeller Mechanism
for a Magnetic Actuated Microrobot

Qiang Fu !'*, Shuxiang Guo >3, Songyuan Zhang !, Hideyuki Hirata > and Hidenori Ishihara >

! Graduate School of Engineering, Kagawa University, 2217-20, Hayashi-cho, Takamatsu 761-0396,
Japan; E-Mail: s13d505 @stmail.eng.kagawa-u.ac.jp

2 Faculty of Engineering, Kagawa University, 2217-20, Hayashi-cho, Takamatsu 761-0396, Japan;
E-Mails: guo@eng.kagawa-u.ac.jp (S.G.); hhirata@eng.kagawa-u.ac.jp (H.H.);
ishihara@eng.kagawa-u.ac.jp (H.1.)

3 The Institute of Advanced BioMedical Engineering System, School of Life Science,
Beijing Institute of Technology, No. 5, Zhongguancun South Street, Haidian District,
Beijing 100081, China

* Author to whom correspondence should be addressed; E-Mail: s14d503 @stmail.eng.kagawa-u.ac.jp;
Tel.: +81-87-864-2356; Fax: +81-87-864-2369.

Academic Editors: Toshio Fukuda, Mohd Ridzuan bin Ahmad and Yajing Shen

Received: 20 June 2015 / Accepted: 1 September 2015 / Published: 3 September 2015

Abstract: Medical microrobots have been widely used in clinical applications, particularly
the spiral type locomotion mechanism, which was recently considered one of the main
self-propelling mechanisms for the next medical microrobot to perform tasks such as capsule
endoscopy and drug delivery. However, limits in clinical applications still exist. The spiral
action of the microrobot while being used for diagnosis may lead to pain or even damage to
the intestinal wall due to the exposed mechanisms. Therefore, a new locomotive mechanism,
named the shrouded propeller mechanism, was proposed to achieve a high level of medical
safety as well as effective propulsive performance in our study. The shrouded propeller
mechanism consists of a bare spiral propeller and a non-rotating nozzle. To obtain a high
effective propulsive performance, two types of screw grooves with different shapes including
the cylindrical screw groove and the rectangular screw groove with different parameters
were analyzed using the shrouded model. Two types of magnetic actuated microrobots with
different driving modes, the electromagnetic (three-pole rotor) actuated microrobot and the
permanent magnet (O-ring type magnet) actuated microrobot were designed to evaluate the
performance of the electromagnetic actuation system. Based on experimental results, the
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propulsive force of the proposed magnetic actuated microrobot with a shrouded propeller
was larger than the magnetic actuated microrobot with a bare spiral propeller under the same
parameters. Additionally, the shrouded propeller mechanism as an actuator can be used for

other medical microrobots for flexible locomotion.

Keywords: magnetic actuated microrobot;  shrouded propeller mechanism;
self-propelling mechanism; flexible locomotion

1. Introduction

Swimming robots have great potential in industrial applications and medical applications [1-9].
In recent years, many kinds of microrobots have been developed to achieve various tasks due to technical
advancements in manufacturing and further progress is expected in this field [10-13]. For instance,
microrobots are commonly used in industry to repair and maintain pipelines [14-22]. The microrobot
is also used in medicine to avoid unnecessary incisions during surgical operations [23,24].
Some researchers have proposed a kind of capsule endoscope, which is swallowed by the patient to
diagnose the intestinal organs of the human body. However, this kind of robot is uncontrollable due to
involuntary muscle movements known as peristalsis [25]. To solve this problem, many microrobots have
been developed with traditional motors and smart materials as actuators [6,26—29]. These microrobots
look perfect in theory and design, but are more or less ineffective. There are diagnostic problems due
to the cable or wire and it is very difficult to reach a position accurately or operate in a very narrow
and deep space. Therefore, a new driving mode of the microrobot has urgently been demanded in
medical applications.

Recently, remote control of the magnetic actuated microrobot using a magnetic field has been popular
and developed due to realize external wireless energy supply [12,26,30-34]. One of the microrobots
is called a fish-like microrobot. It imitates the movement of a fish to produce a propulsive force with
oscillatory motion or undulatory motion. The fish-like microrobot has one important limitation; it moves
in only one direction inside a pipe. Therefore, another kind of proposed microrobot has been developed
to solve this problem. This kind of microrobot can move with a spiral motion or a screw motion by using
a bare spiral propeller [16]. Previously, we proposed a novel type of hybrid microrobot, with a spiral
motion, a fin motion and a paddling motion [26]. The hybrid microrobot uses a hybrid locomotion
scheme, consisting of three disparate actuation strategies: (1) using a spiral structure to generate a
spiral propulsive force; (2) using a flexible tail to generate a fish-like propulsive force; (3) using a
paddling leg to generate a paddle propulsive force. The microrobot achieved a basic forward motion
in the horizontal plane. However, this kind of bare spiral propeller as a main actuator may cause pain
and damage to the intestinal wall [35]. In other words, when the microrobot rotates inside the intestine,
the intestinal wall may cause damage due to the rotating friction between the bare spiral propeller and
the intestinal wall. Therefore, we proposed a conceptual hybrid microrobot to reduce patient pain and
discomfort [32]. However, further clinical application is needed in order to produce a robot that is
capable of treating disease, diagnosing intestinal problems and conducting minimal invasive surgery.

As well, the robot needs to be able to install actuating elements (e.g., drug delivery mechanism), a camera



Micromachines 2015, 6 1274

(e.g., endoscope) and sensing elements for achieving medical tasks. Therefore, medical safety, loading
abilities and an effective propulsive performance is extremely important and challenging. This paper
presents a new locomotive mechanism, named the shrouded propeller mechanism to improve medical
safety and propulsive performance. The robot is composed of a bare spiral propeller and a non-rotation
nozzle. Two different types of screw grooves with different parameters are analyzed using the shrouded
propeller model to obtain the optimal performance needed for clinical application. An electromagnetic
actuator and a permanent magnetic actuator were assembled to evaluate their performance. In the future,
the shrouded propeller mechanism as a driving unit can be used for medical robots, e.g., passive actuator
robot, capsule endoscopies.

A shrouded propeller model is illustrated in Section 2. We assembled two type of robots with different
actuators and illustrated their working principle in Section 3. Based on the working principle, we
designed an electromagnetic actuation system for evaluating their performance in Section 4. Section 5

describes the experimental results and discussions with conclusions and future works in Section 6.
2. Modeling of the Magnetic Actuated Microrobot with Spiral Jet Motion

Several spiral or screw types of microrobots have recently been developed for achieving various
functions [10,16,33-35]. However, their propulsive mechanisms are comprised of a bare propeller, which
leads to a low propulsive force [17]. Thus, we proposed a novel propulsive mechanism for a magnetic
actuated microrobot to increase the efficiency of the propulsive force. Figure 1 illustrates our proposed
microrobot, which moves using a propulsion arrangement called a shrouded propeller. A shrouded
propeller is a bare propeller fitted with a non-rotating nozzle, which is used to improve the efficiency
of the propeller, especially on propellers with a limited diameter. The non-rotating nozzle connects to
the propeller with an axis and bearing. When the propeller rotates to accompany the magnetic actuator,
the shrouded propeller pushes the fluid backward generating a reaction force, which creates a forward
motion, also called a spiral jet motion. In respect to hydrodynamics, the shrouded propeller produces a
larger propulsive force than the bare propeller. For medicine, the shrouded propeller type of microrobot
can reduce the damage caused to the intestinal wall due to the non-rotating nozzle thereby reducing pain
for patients.

Figure 2 shows the propulsive force model of the shrouded propeller. When the microrobot moves
inside the pipe, which is completely filled by the liquid, the liquid enters 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 A; and outflow area A,. 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 (1):

Q= AVi= AV, (1

where, Q is the flow of spiral jet motion, V is the inflow velocity of the area A, and V; is the outflow
velocity of the area A;.
The propulsive force is defined by Equation (2):
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where, F), is the propulsive force, p is the density of liquid.
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Figure 1. Conceptual design of the microrobot with shrouded propeller (a) overall view;
(b) perspective view.
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Figure 2. Propulsive force model.

The propulsive performance of a hydrodynamic shrouded propeller is determined, to a large extent,
by the flow of fluid Q. The Q is usually determined by two parameters: external parameters and internal
parameters. The external parameters usually include the length of the microrobot L, and the interval
between the spiral propeller and non-rotating nozzle C [36]. In this paper, these external parameters are
taken as fixed. The following internal parameters (e.g., Qcyc, 1, W) should be considered in order to
obtain a high propulsive force. Q... means the flow of one cycle of the screw depends on the outer radius
R, and inner radius R;, as shown in Figure 2, n is the screw numbers which is equal to L/P, where P is
the pitch of one screw. While the rotational speed is N, the propulsive force is defined by Equation (3):

eyeN)’
szp% (3)
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If the angle of the angular speed of the microrobot is w, we have:

2
P Qe w?
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According to the above discussion, we designed two types of screw grooves, a cylindrical screw
groove and a rectangular screw groove, with different parameters Q.. to evaluate the performance of the
microrobot. Here, we assumed the dimensions to be R, = 6.5 mm for the outer radius, R; = 5.5 mm for
the inner radius, and L = 30 mm for the length respectively. If the microrobot generated a propulsive
force F,, = 10 mN, the cylindrical screw groove type with h = 1 mm and w = 2 mm needed a rotational
speed of N = 130 rad/s, whereas, the rectangular screw groove type with h = 1 mm and w = 2 mm,
needed a rotational speed of N = 102 rad/s. It meant that the rectangular screw groove type microrobot
needs a lower rotational speed than the cylindrical screw groove type microrobot in order to generate
the same propulsive force. In other words, the rectangular screw groove type microrobot generated a
larger propulsive force than the cylindrical screw groove type microrobot at the same rotational speed.
The simulation results with different parameters are shown in Figure 3. This model would also allow the

prediction of swimming performance as the overall dimensions scale down.
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Figure 3. Simulation results with different parameters, R means rectangular screw groove,

C means cylindrical screw groove.

3. Magnetic Actuated Microrobot with Spiral Jet Motion

Based on the shrouded model, the rectangular screw groove is used to assemble the magnetic actuated
microrobot. We designed two types of microrobots with different driving modes: an electromagnetic
actuated microrobot and a permanent magnetic actuated microrobot. Additionally, we illustrated the

working principle of both types.
3.1. Electromagnet Actuated Microrobot

Figure 4a shows the structure of an electromagnetic actuated microrobot. Its actuated part is mainly
composed of a three-pole rotor with three windings of wire wrapped with a 120° phase difference, a
brush, which is connected to the source of electrical energy, and a battery to supply the electrical energy.
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Its working principle is illustrated in Figure 4b. The electromagnetic actuated microrobot relies on the
principle that likes magnetic poles repel and unlike magnetic poles attract each other. When an electric
current is passed through a pole rotor, it generates an electromagnetic field aligned with the center of the
coil. By switching the current on or off in a coil, its magnetic field can be switched on or off. When the
electromagnetic actuated microrobot is placed inside a static magnetic field generated by a Helmholtz
coil, a rotating magnetic field can be created by changing the sequence of the three-pole rotor on or off.
These rotating magnetic fields interact with the external magnetic fields of the Helmholtz coils to create
a magnetic moment on the three-pole rotor. The spiral structure, which connects the three-pole rotor
with a shaft and bearing, rotates to create a propulsive force in the water, synchronously. By adjusting
the strength of the external magnetic field, speed of the internal actuated microrobot can be controlled.

Rotor Coil X

Outer shell [ 1
Brush Spiral structure

Battery Shaft ~ Bearing Coil X

(a) (b)
Figure 4. Electromagnet actuated microrobot. (a) Structure of the microrobot;
(b) Working principle.

3.2. Permanent Magnet Actuated Microrobot

Figure 5a shows the structure of a permanent magnetic actuated microrobot. Its actuated part is
mainly composed of four permanent magnets as an actuator. Its working principle is illustrated in
Figure 5b. According to magnetic theory, a magnetic moment is generated as a magnet’s dipole attempts
to align with the local magnetic field. Thus, four neodymium permanent magnets are symmetrically
placed inside the microrobot. When the Helmholtz coil generates an external rotating magnetic field,
the four permanent magnets as a whole rotate along the rotational direction of the magnetic field due
to the magnetic moment. The spiral structure, which connects the four permanent magnets with a
shaft and bearing, rotates to create a propulsive force in the water, synchronously. By adjusting the
rotational frequency of the magnetic field, the speed of the permanent magnetic actuated microrobot can
be controlled.
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Figure 5. Permanent magnet actuated microrobot. (a) Structure of the microrobot;
(b) Working principle.

3.3. Fabrication of the Microrobot

The magnetic actuated microrobot with a shrouded propeller was assembled to text its performance
and validate the driving model. The prototype of the electromagnetic actuated microrobot and the
permanent magnet actuated microrobot are shown in Figure 6a,b, respectively. The bare spiral propeller
and a non-rotating nozzle are made of polystyrene. Both the bare spiral propeller and the non-rotating
nozzle are made of polystyrene. The diameter of the propeller is 12 mm and the length is 30 mm.
The non-rotating nozzle is a hollow cylinder with a diameter of 14 mm and a length of 27 mm. To reduce
the weight of the microrobot, we used an O-ring type magnet ($5 mm x $9.5 mm x 4 mm) instead
of the four permanent magnets, as shown in Figure 6e. An external power supply was used to supply
the electrical energy instead of a battery in the experiments. The specifications of the magnetic actuated
microrobot are given in Table 1.

Figure 6. Prototype of the magnetic actuated microrobot with spiral jet motion.
(a) Electromagnet actuated microrobot; (b) Permanent magnetic actuated microrobot;
(c) Bottom view of the microrobot composed of a bare propeller and a non-rotating nozzle;
(d) Three-pole rotor as an actuator; (e) O-ring type magnet as a actuator.



Micromachines 2015, 6 1279

Table 1. Specifications of magnetic actuated microrobot.

Microrobot Electromagnet Actuated Microrobot Permanent Magnetic Actuated Microrobot

Size ®14 mm x 37 mm ®14 mm x 37 mm
Actuator Three-pole rotor O-ring type magnet
Current 0.25A -
Magnet - ®5 mm x $9.5 mm x 4 mm with 1250 mT

4. Electromagnetic Actuation System

As mentioned above, the magnetic actuated microrobot is driven by a magnetic field. In previous
researches, various types of electromagnetic actuation systems have been developed to manipulate the
magnetic microrobot in the organs, e.g., intestinal tract, blood vessels [9,35]. Due to the structure
of the electromagnetic actuation system, the locomotive range of the microrobot is limited [26].
Therefore, we proposed a novel electromagnetic actuation system, which has teleoperation control in
real-time for medical applications. Figure 7 shows the whole electromagnetic actuation system. On the
master side, a visual image inside a pipe is monitored by a camera and displayed on a monitor. Using a
Phantom Omni device, control instructions are sent out and transmitted to a control unit, which of an
amplifier, a DC power supply and a control circuit. Upon receiving instructions, the slave mechanisms
(3-axis Helmholtz coils) generate an external magnetic field to control the movement of the magnetic
actuated microrobot. The monitor can also display the data calculated from the magnetic sensor array for
obtaining the real-time position of the robot. The positioning system is used to accomplish a close-loop
control and ensure the robot achieves the task. Consequently, the doctor appears to accurately control
the position and posture of the wireless microrobot in the human body [32].

Figure 7. Electromagnetic actuation system. A: Oscilloscope; B: PC; C: Visual images;
D: 3-axis Helmholtz coils; E: Phantom Omni device; F: Magnetic sensor; G: Control unit;
H: Pipe.

To evaluate the performance of the proposed two type microrobots, we used two types Helmholtz
coils, Helmholtz coils with an iron core and Helmholtz coils without an iron core, to control the

microrobot movement in the water. The reason is explained in Section 4.2. In order to optimize the
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design of both coils, we analyzed the performance of the Helmholtz coils using FEM methods by
electromagnetic simulation software, PHOTO-Series version 7.1 (Photon, Kyoto, Japan). Based on the
simulation results, we assembled and evaluated the performance of Helmholtz coils, which is described

in detail in Section 5.1.
4.1. Helmholtz Coil without Iron Core

The Helmholtz coils without an iron core, which is also called a 3-axis Helmholtz coil, was developed
to generate the rotational magnetic field to control the external magnetic field. The 3-axis Helmholtz
coil is composed of three mutually orthogonal single-Helmholtz coils, which are called the X-Helmholtz
coil (Diameter: 284 mm, Resistance: 2.4 €2, Turns: 125), the Y-Helmholtz coil (Diameter: 350 mm,
Resistance: 3.3 (2, Turns: 150) and the Z-Helmholtz coil (Diameter: 400 mm, Resistance: 4.5 €,
Turns: 180).

Each of the single-Helmholtz coils are composed of two identical circular coils which are placed
symmetrically along a common axis, and separated by a distance L equal to the radius R of the coil.
Electrical current flows in the same direction in each coil. The electrical current is a variable in the coil,

and the relationship between magnetic flux density and electrical current is defined by Equation (5):

_ é %UONI
- ()

where, B is the magnetic flux density, at any point on the axis of the Helmholtz coils. R is the radius of
the coil.  is permeability of vacuum. N is the number of turns of coil and / is the electrical current
of coil.

By adjusting the control signals of the 3-axis Helmholtz coils, a rotational or undulation magnetic
field is generated to control the permanent magnet actuated microrobot in any direction.

4.2. Helmholtz Coil with Iron Core

The safety is very important in applications. When the Helmholtz coils without an iron core is used
to control the electromagnet actuated microrobot, the range of electrical current is changed from 14 to
142 A. This value of electrical current is dangerous for human beings. Therefore, we fabricated the
Helmholtz coils with an iron core. Each of the Helmholtz coils consists of a coil and an iron core. The
iron core is used to increase the magnetic flux density in the working space, which is made of SS400.
The magnetic flux density is adjusted by Equation (6):

B=NI (6)

where, B is the magnetic flux density of Helmholtz coils with iron core, N is the number of turns of

Helmholtz coils with iron core, I is the electrical current of Helmholtz coils with iron core.



Micromachines 2015, 6 1281

5. Experiments and Results
5.1. Measurement of the Magnetic Flux Density

The main goal in the design of the Helmholtz coils is to supply the magnetic field for controlling
the magnetic actuated microrobot in the working space. We designed a system to measure the magnetic
flux density and the schematic diagram is shown in Figure 8. The electrical currents of the Helmholtz
coils were supplied by power suppliers, which were controlled by the control unit with a Digital Signal
Processor. The Gauss meter (TM701, KANETEC, Nagano, Japan) was used to measure the magnetic
field between the Helmholtz coils. The magnetic field can be measured in the range of 0 to 3000 mT
with 0.01 mT resolution. Figure 9a shows the relationship between the electric current of the Helmholtz
coils without an iron core and the working space of the magnetic flux density. Figure 9b shows the
relationship between the electric current of the Helmholtz coils with an iron core and the working space
of the magnetic flux density. The working space of measured magnetic flux density is very close to our
simulated results. The magnetic flux density, along the X-axis of the working space, is symmetric about
the center [37] and the magnetic field decreased from the center to the outer edge.

Control command

’—> DSP Power Supply

P ‘ Control signals .
i > Control Unit
= }

T Magnetic flus density 1
Magnetic @
sensor

Figure 8. Schematic diagram of the measurement system.
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Figure 9. Magnetic flux density of Helmholtz coils. (a) Helmholtz coil with iron core;
(b) Helmholtz coil without iron core.
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5.2. Measurement of the Rotational Speed of the Magnetic Actuated Microrobot

A measured system of rotational speed, as represented in Figure 10, was set up to measure the
rotational speed of the magnetic actuated microrobot. The magnetic actuated microrobot was placed
under water inside a tank by the two clamps. Firstly, the laser sensor (KEYENCE LB-1000, Keyence,
Osaka, Japan) measured the displacement L; with time T;. Secondly, adjusting the rotational speed of the
magnetic actuated microrobot, when the displacement L, with T, was equal to the displacement L; with
T,, the magnetic actuated microrobot rotated in a circle. The experiments were repeated over ten times.
The rotational speed was measured, as shown in Figure 11. The rotational speed of the electromagnetic
actuated microrobot was adjusted by changing the external magnetic flux density until a maximum
rotational speed was obtained; the rotational speed of the permanent magnet actuated microrobot was
adjusted by changing the frequency of the external magnetic field until the maximum rotational speed
was obtained.

As already mentioned, we compared the performance of two types of magnetic actuated microrobots,
an electromagnetic actuated microrobot and a permanent magnetic actuated microrobot. The results of
the different driving modes, a static magnetic field generated by Helmholtz coils with an iron core and a

rotating magnetic field generated by Helmholtz coils without an iron core are given in Table 2.
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| I
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Water l,
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Figure 10. Schematic diagram for measuring the rotational speed.
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Figure 11. Measurement results of the rotational speed of the magnetic actuated microrobot.
(a) Rotational speed of the electromagnet actuated microrobot; (b) Rotational speed of the
permanent magnet actuated microrobot.
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Table 2. Performance of magnetic actuated microrobot.

Microrobot Electromagnet Actuated Microrobot  Permanent Magnetic Actuated Microrobot
Actuator Three-pole rotor O-ring type magnet
Driving mode Static magnetic field Rotating magnetic field
Helmboltz coils Helmboltz coil with iron core Helmholtz coil without iron core

o . Adjusting the changing frequency of
Speed control ~ Adjusting the strength of magnetic field .
magnetic field

5.3. Measurement of Propulsive Force of the Magnetic Actuated Microrobot

The measured experimental system was used to measure the propulsive force of the magnetic actuated
microrobot in the water, as shown in Figure 12. Measured experiments of the propulsive force are
divided to two steps. Firstly, a calibration test is necessary to confirm the deformation of the copper
beam in order to maintain an effective deformation range and calculate the calibration of the relationship
between the propulsive force and the bending displacement of the copper beam. Secondly, the rotational
speed of the magnetic actuated microrobot is controlled by adjusting the frequency of the electric
current. The displacement of the copper beam was obtained using a laser displacement sensor
(KEYENCE LB-1000), and the propulsive force of the magnetic actuated microrobot was calculated
using Equation (7), which is given by Fu et al. [32].

F=13%xx (7)

where, F' is propulsive force, x is the displacement of the copper beam.

The measured result of the propulsive force is shown in Figure 13. The experimental results indicated
that the propulsive force of the magnetic actuated microrobot with a non-rotating nozzle was larger than
the magnetic actuated microrobot without a non-rotation nozzle with the same condition. Loss of some
energy is converted into thermal energy due to external force, such as, the drag force of the water and
viscous drag. The growth rates of the propulsive force are shown in Figure 14. From the experimental
results, we know that the shrouded propeller mechanism has the capability to increase the performance
of the propulsive force and is given by:

n = Vam Vi) 100% (8)
Vi
where, 1 is growth rates of the propulsive force, V is the speed of microrobot without a non-rotating

nozzle and V; is the speed of microrobot with non-rotating nozzle.
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Figure 12. Schematic diagram of the measured propulsive force.
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Figure 13. Measured results of the propulsive force.
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Figure 14. Growth rates of propulsive force.

5.4. Results and Discussions

In general, a medical microrobot, which consists of a control module, power module, communicating
module and a function module, is used to treat disease, diagnose intestinal problems and conduct
minimal invasive surgery for clinical applications. Flexible locomotion is a key factor for the medical
microrobot, which can represent the performance of microrobots. According to the controllability of
the movement mechanism, medical microrobots can be split into two types: a passive locomotion type
and an active locomotion type. The passive locomotion type medical microrobot has been applied in
clinical diagnosis, such as M2A, PillCam®SB, and Norika3®. However, their movement direction is
only a single forward motion because their movement depends on intestinal peristalsis. Some active
locomotion type microrobot can achieve a backward motion or a stop motion in the intestine, but their
movement area is limited due to cables. Nevertheless, the spiral type microrobot perhaps leads to less
damage to the intestinal wall, thereby reducing the pain felt by patients. Based on the above performance
comparisons, the shrouded propeller type microrobot is becoming the future development trend for
medical microrobots by means of their comprehensive advantages, flexibilities and safety.
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6. Conclusions

In this paper, we proposed a novel propulsive mechanism using a shrouded propeller composed of a
bare propeller and a non-rotating nozzle for a microrobot, which is capable of increasing propulsion
in water. Since there is a non-rotating nozzle, which covers the bare propeller, it may reduce the
damage or harm to organs (e.g., intestinal wall, blood vessels) during medical procedures and be less
painful for patients. We built a shrouded propeller model and discussed the relationship between the
propulsive force and the shape of shrouded propeller with different parameters. With the shrouded
propeller model, it was demonstrated that the rectangular screw groove generated more propulsive force
than the cylindrical screw groove under the same conditions (e.g., screw thread turns n, screw groove
width w and screw groove high h). We also designed two types driving modes for the microrobot
according to the shrouded propeller model: the electromagnetic actuated microrobot and the permanent
magnetic actuated microrobot. Finally, we evaluated the performance of both types of magnetic actuated
microrobots using the electromagnetic system. The experimental results indicate:

1 The electromagnetic actuated microrobot is driven by a static magnetic field generated by a
Helmholtz coil with an iron core. By adjusting the strength of the magnetic field from 0 to 95 mT,
the microrobot can obtain a rotational speed of 0 to 120 rad/s.

2 The permanent magnetic actuated microrobot is driven by a rotating magnetic field generated by
Helmbholtz coils without an iron core. By adjusting the frequency of the magnetic field from O to
28 Hz, the microrobot can obtain a rotational speed of 0 to 180 rad/s.

3 The microrobot with a non-rotating nozzle generated a propulsive force greater than the microrobot
without a non-rotating nozzle under the same conditions.

In the future, we will load a tiny CCD camera inside the microrobot and achieve tele-operation control
of the magnetic actuated microrobot using our proposed electromagnetic actuation system. Finally, the
position of the microrobot will be detected by a positioning system, which consists of a magnetic sensor
array to be used in clinical applications.
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