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Abstract

The low power consumption and operability of magnetic controlled spiral capsule robots (MCSCRs) are important
indexes that influence the interventional diagnosis and treatment of digestive tract. However, existing studies lack of
analysis on the self-starting characteristics of MCSCRs. For simple and effective swimming of a MCSCR in a liquid
environment, a self-starting characteristic model of MCSCR was proposed. A new portable electromagnetic propulsion
device with dynamic rotating magnetic field and a MCSCR were also developed. A spatial magnetic field distribution
model of a permanent magnet was constructed in accordance with the Biot—Savart law. This model was employed to
determine the coupling characteristic relation between master and slave permanent magnets. A self-starting model of
robots in a pipe filled with liquid was deduced, and the interaction laws of self-starting rotating speed, fluid viscosity, and
axial thrust were determined. Results demonstrate that the self-starting rotating speed of robots increases with the
increase in fluid viscosity, and the axial thrust is enhanced gradually as rotating speed increases. When the fluid viscosity
is 0.1 Pa-s, the self-starting rotating speed reaches the minimum value (85 r/min). Self-starting control of robots with a
low torque and a strong axial thrust can be realized by adjusting the self-starting distance and rotating speed between the
master permanent magnet and robot. When the master permanent magnet is 29 mm away from the robot, the maximum
coupling magnetic moment is the lowest (0.1 Pa-s). This study can provide theoretical supports to low-power rapid
medical examination based on in vivo capsule robot.
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1. Introduction

A wireless capsule robot (CR), which is a noninvasive and
painless diagnosis and treatment tool for the gastrointestinal
tract (GIT) of humans, can improve the examination comfort
and tolerance of patients effectively. Under the assistance of
such wireless CR, examination in blind spots, including GIT,
is feasible [1]. Capsule endoscope offers a noninvasive and
anodynia examination mode. Capsule endoscope based on
wireless image transmission of an embedded visual system
can achieve noninvasive diagnosis and treatment in GIT.
The clinical applications of gastrointestinal capsule
endoscope have expanded the view of medical diagnosis and
treatment. CR was initially mainly applied to examination in
small intestine. Subsequently, CR begins to be applied to
examination in stomach and large intestine gradually.
Representative commercialized capsule products include the
PillCam Capsule of Given Imaging Company (Israel), Miro
Capsule of Korea, and OMOM Capsule of Chongqing
Jinshan Company [2-3].

However, these CR products are mainly passive and
uncontrollable. They can only move forward by the
peristalsis of GIT and even may cause risks of retention in
narrow and wrinkled intestinal canal. Statistics of research
results shows that the missing area of CR in GIT is
approximately 20%, and CR may remain in intestinal tract,
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which may cause great damages to the psychological and
physical health of patents. Therefore, studying passive CRs
is a great challenge.

On this basis, many scholars have studied active CRs,
which can realize active adjustment of the direction and
posture of robots to decrease missing area. Types of active
CRs include paddling type [4], peristaltic type [5], legged
type [6], and screw propulsion type [7]. Nevertheless, these
robots all use self-load power-driven mode and require
installation of complicated driving and transmission
mechanisms in addition to a battery. The moving ability of
these robots is restricted by the capacity of the battery.
Moreover, these robots are difficult to control and minimize
[8]. CRs, which are driven by an external magnetic field, can
avoid these problems completely; they have the
characteristics of simple adjustment of magnetic field, good
continuous movement, and easy operation and control. CRs
driven by an external magnetic field are unrestricted by the
internal space and can be highly minimized. Magnetic
controlled spiral CRs (MCSCRs) are therefore applicable to
clinics.

From the above-mentioned analysis, a portable
electromagnetic propulsion system with dynamic rotating
magnetic field and a MCSCR were studied. This system not
only is easy to be operated but also can generate a dynamic
rotating magnetic field and solve problems concerning
singular point of robot arm with six degrees of freedom
(DOFs) and  complicated operation driven by
electromagnetic coil. Starting and stopping of the robot can
be controlled simply by the self-starting characteristics. The
swimming speed of the MCSCR can be controlled by
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adjusting the rotating speed of the master permanent magnet.
The MCSCR is guided to make direct movement and turning
by the rotating magnetic field produced by the master
permanent magnet. This study provides some references to
develop portable MCSCR-based propulsion devices.

2. State of the art

The current external magnetic field-driven system can be
divided into electromagnetic coil-driven system and
permanent magnet-driven system [9-10]. The former
generates a magnetic moment by the current input coil and
can offer continuous control over magnetic field intensity
and frequency. Park [11] and Fu [12-13] formed an external
magnetic field with Helmholtz coils to drive and control a
spiral CR. The rotating movement produced by the coil
magnetic field could drive the robot to make rotational
motion. The direction, frequency, and intensity of the
magnetic field were also controllable. Sendoh [14] realized
precession of spiral robots by generating plane-rotating
magnetic fields with coils but failed to generate spatial
rotating magnetic fields. Lee [15] created uniform and
gradient magnetic fields by using five pairs of coils to drive
the movement, turning, and spiral walking of a robot.

However, convenience in magnetic field control was ignored.

Guo [16] studied an external magnetic field that was formed
by three pairs of round Helmholtz coils and adjusted the
direction and moving speed of a robot by changing the
direction and frequency of the magnetic field; this way
realizes climbing and turning of the robot. Nevertheless, the
electromagnetic coil-driven system in clinics requires a large
volume of coil to cover the human body. Such system not
only induces a high cost but also needs physicians to master
complicated calculation and controlling techniques during
operation. This condition proposes a great challenge to
physicians. Yang [17] designed a wireless energy
transmission system for a CR that could offer stable energy
supply under any postures, but the new power-supply coils
had a complicated structure and large volume. Zhang [18]
analyzed the uniformity of a magnetic field and the wireless
power supply system based on a magnetic controlled
multimodule CR system, but great errors in synchronism and
jointing reliability of the multimodule structure at moving
occurred. A permanent magnet-driven system forms a
coupling magnetic moment by using a permanent magnet or
an electromagnet on the robot arm or the end of a portable
driving device and the embedded magnet in CR; this way
controls the direction, position, and rotating speed of the
robot. Salerno [19] and Gumprecht [20] drove a robot by
applying a magnetic force or magnetic moment with a
permanent magnet and electromagnet onto the permanent
magnet in the robot. However, the relevant controlling
means were relatively complicated and were inapplicable to
easy control. Mahoney [21] generated a rotating magnetic
field by using the permanent magnet at the end of a robot
arm with 6 DOFs to drive the movement of the robot with an
embedded permanent magnet. Nonetheless, the robot arm
may make incorrect actions when it encounters a singular
point, which is restricted by the inherent characteristics of
the robot arm. The accurate driving control of the CR is
consequently affected. Chen [22] simulated the movements
of different joints of a CR for esophagus diagnosis and
treatment based on ADAMS software and gained the
movement characteristic curves of different joints. However,
he neglected the hydrodynamic characteristics of the CR in a
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liquid environment. Tang [23] calculated several movement
indexes, such as axial thrust, circumferential resistance
moment, and maximum pressure on the inner wall of pipes,
of an internal spiral CR in a liquid—solid mixed fluid. The
robot still applied an embedded power supply and had
limited movement time. Xu [24] proposed an active CR
equipped with a motor-driven propeller. Control over the
direction and speed of this active CR was discussed, but the
moving characteristics of the CR in liquid were not analyzed.
Li [25] conducted a theoretical analysis of stresses on CR in
a viscous liquid environment and discussed the dynamic
characteristics of CRs with different sizes and shapes.
Nevertheless, CR still depended on an embedded battery for
power supply.

These research results are mainly related to the moving
characteristics and visual transmission characteristics of CRs.
However, few studies concerning the self-starting
characteristics of CRs exist. In particular, experimental
studies related to axial thrust, steady speed, and self-starting
speeds under different viscosities are rare. In the current
study, a spatial magnetic field distribution model of the
master permanent magnet was constructed, and the coupling
characteristics between the master and slave permanent
magnets were analyzed. The total magnetic induction
intensity of the master permanent magnet at any space point
was calculated in accordance with the Biot—Savart law. The
self-starting characteristics of a MCSCR were analyzed on
the basis of the relative rotating movement principle
between the master and slave permanent magnets. The
relations among self-starting rotating speed, fluid viscosity,
and axial thrust were determined. The theoretical analysis
and experimental results show that self-starting rotating
speed and steady speed are positively related to fluid
viscosity, and axial thrust increases gradually as the self-
starting rotating speed increases. The driving flexibility of
the MCSCR can be improved significantly. These
characteristics offer an effective means for flexible and
simple control of the MCSCR. This study lays foundations
for accurate and rapid diagnosis and treatment in the entire
digestive tract.

The remainder of this study is organized as follows.
Section 3 describes the structure of the MCSCR and the
magnetic  field-driving principle. A  magnetic field
distribution model and a self-starting characteristic model of
the MCSCR are constructed. Section 4 presents the
theoretical calculations of fluid viscosity and axial thrust
based on the designed models and an analysis on steady
speed. The self-starting characteristics of the MCSCR under
different fluid viscosities are disclosed. Section 5 shows the
conclusions.

3. Methodology

3.1 Structure of the MCSCR and magnetic field-driving
principle

The structure of the MCSCR is shown in Fig. 1. It is
composed of an external spiral ribbed sheet, an internal
NdFeB permanent magnet (Material designation: N50), and
two end covers.

For the convenience of driving, the internal NdFeB
permanent magnet applies the radial magnetization mode
(Fig. 2). The NdFeB radial permanent magnet is used as an
internal driver, and it forms a coupling driving effect with
the external spiral magnetic field. The NdFeB permanent
magnet has the characteristics of high energy density, high
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residual magnetism, and strong stability. The radial
magnetization assures that the moving direction of the

MCSCR is in accordance with the direction of intestinal tract.

This condition is convenient for controlling over the moving
directions of the robot and thus strengthens the traveling
ability of the MCSCR.

‘-‘::‘-"'”,-'n. oty
Fig. 1. Structure of a MCSCR
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Fig. 2. Radial magnetization of the NdFeB permanent magnet and a
permanent magnet

The theory of magnetism states that B=py H+J ,

where J is the intensity of polarization of the permanent
magnet, H is the magnetic field intensity in media, and B is
the magnetic induction intensity of media. The permeability

The

magnetization per unit volume can be expressed as

of vacuum is g, =47x10" H/m intensity of

_b_B
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Macroscopically, a magnetic charge exists on the
circumferential surface along the radial magnetized NdFeB
permanent magnet. The N and S poles in the NdFeB
permanent magnet are offset mutually. The magnetic
moment of the permanent magnet can be calculated by a
surface charge method, which can be expressed as

m:zpmzzqm'li’

where p,, is the dipole moment of the magnet, ¢, is the

@

magnetic dipole, and /(i=1,2,3,---) is the displacement
vector from +g,, to -q,,.

The NdFeB permanent magnet can be viewed as a
superposition of infinite cuboid sheets with different lengths
(Fig. 3). The thickness of microelement sheets is denoted by
dx. Equivalent magnetic charges are generated on the left
and right end surfaces of the cuboid, which are viewed as
magnetic dipoles. The magnetic moment is

m= ZJ‘; By, LNy —x*dx, 3)

where 7 is the radius of permanent magnet, B, is the
residual magnetism, L is the length of the permanent magnet,
and the NdFeB permanent magnet size is ®8x12 mm .

Therefore, the magnetic moment of the NdFeB permanent
magnet is 0.7008 A -m?.

y

Fig. 3. Microelement diagram of magnetic moment of the permanent
magnet

Manufacturing a MCSCR with traditional mechanical
processing technique is relatively difficult and requires a
high cost; thus, 3D printing was applied to print parts of a
MCSCR, which were then assembled. Resin materials,
which have the characteristics of toxic free, small density,
and light weight, were applied in 3D printing. The
processing accuracy could reach 0.01 mm. These features
conform to the design requirements of a robot in this study
completely. The main structural parameters of a MCSCR are
listed in Table 1. Structural size, including a diameter of 12
mm and a length of 26 mm, was designed according to the
commercialized Pillcam series of CRs; this way meets the
clinical requirements on size.

Table 1. Main structural parameters of a MCSCR

Parameters Numerical value
MCSCR size(mm) D12x26
MCSCR mass(g) 8
NdFeB size(mm) D8x12
Spiral ribbed height #, (mm) 1
Helix angle ¢(°) 45
Length of tile L, (mm) 23
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The MCSCR is driven by a portable electromagnetic
propulsion device with dynamic rotating magnetic field. A
dynamic rotating magnetic field is formed by rotation of the
permanent magnet at the end of the output axis of a stepping
motor. This magnetic field forms a coupling effect with the
internal permanent magnet to drive rotating starts of the
MCSCR. The MCSCR has a simple structure and can well
adapt to routing inspection in digestive tract and similar
environments in human bodies. In addition, the MCSCR can
suspend and move forward in the intestinal tract in a liquid
environment with high viscosity. The MCSCR avoids
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contact with the intestinal tract and assures safety of internal
soft tissues. The rotating and moving directions of the
MCSCR are shown in Fig. 4.

Rotating

Direction oy i
Direction of
Motion

—

N
i

—

Permanent Magnet
Fig. 4. Moving and rotating directions of a MCSCR

F.=pV,g and G, =pVg when the robot is

suspending in liquid to prevent direct contact between the
robot and intestinal tract and allow the self-suspension of the

robot in positioning scanning. £, is the buoyancy of the
MCSCR, p, is the density of fluid, ¥, is the volume of
displaced fluid, G, is the gravity of the MCSCR, p; is the
density of robot materials, ¥ is the volume of the MCSCR,

and g is the acceleration of gravity. The condition for
floating of a MCSCR is

G, > F,

pR > pL B Sinkinga rob

uo o

Pr=p, > suspending, G, =F,

rob buo °

G <F

pr < p,,floating, G <F .

On the basis of the above-mentioned analysis, fluid
density shall be equal to robot density to ensure its
suspension in the fluid. Appropriate 3D printing materials
and fluid viscosity are important factors that assure
suspension of the MCSCR.

3.2 Space magnetic field distribution model of the master
permanent magnet
A portable electromagnetic propulsion device with dynamic
rotating magnetic field was designed for driving control of a
MCSCR (Fig. 5). A dynamic rotating magnetic field is
formed by spirally overlaying two strips of master
permanent magnets that are connected with the output axis at
the end of a stepping motor, which forms a coupling effect
with the slave permanent magnet in the robot. The robot and
the external magnetic field rotate synchronously. The
MCSCR moves forward and backward in the environment
filled with viscous liquid due to rotating effect of the slave
permanent magnet. The MCSCR is driven by the speed-
adjusting function of a stepping motor. This feature can
realize continuous stepwise speed adjustment and accurate
driving control.

In accordance with the Biot—Savart law, the magnetic
induction intensity microelement formed by the master
permanent magnet at any space point P(x,y,z) is

My 1dlx (r—r")

dB = 3
4r |r—r’| ?

4)

where r is the radius vector of the source point (x,,y,,z,),
r' is the radius vector of the field point P(x,y,z), I is the
current intensity of an internal loop in the permanent
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magnet, and Id/ is a microelement of current intensity.
Thus, the total magnetic induction intensity at point P is

J~ Idlx(r—r")

B=*o g
i =l

4r ®)
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0] f_ol

W
A
¢
/4

[
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ey |
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Fig. 5. Portable electromagnetic propulsion device with dynamic
rotating magnetic field

The length, width, and height of the master permanent
magnet are supposed to be a, b, and c, respectively (Fig. 6).
The magnetic field of the master permanent magnet at any
point P in the space is excited by the closed current loop
EFGHE on the permanent magnet surface. Q(x,,y,,z,) is
regarded as a point on the surface of the master permanent
magnet, and a thin-layered current loop E'F'G'H'E' along
the thickness of the master permanent magnet is selected.
The infinitesimal element thickness is dz,, and the intensity

is [ =J,dz ,where J, is the magnetized current density.

Pxyz) A

7
< /Q(Xo,yo,Zo)

X

Fig. 6. Spatial distribution of the magnetic induction intensity of the
master permanent magnet

The magnetic induction intensity of the current loop at
any space point P is dB. Therefore, the total magnetic
induction intensity generated by a thin-layer current loop is

B= .[:dei +dB,j+dBk, (6)

where dB, , dB, , and dB. are the components of the

magnetic induction intensity along x, y, and z, respectively.



Jingcai Bai, Junxiao Wu, Minglu Chi, Zheng Fan and Zhiyong Du/Journal of Engineering Science and Technology Review 12 (5) (2019) 43 - 52

In accordance with the superposition principle of magnetic
vectors, vectors of magnetic induction intensities, which are
produced by four current segments ( E'F’, F'G', G'H', and
H'E") at point P, are superposed; this way acquires the total
magnetic induction intensity of the master permanent
magnet at any space point P(x,y,z) .

Bx ZS[M(x’b_y’Z)JFM(x:y’Z)
_M(a_xab_yaz)_M(a_x’yaZ)]

B, =S {M(.a-%.2)+ My 2.2)
-M(b-y,a —x,z)—M(b—y,x,z)] > ™

B = —R[N(a -x,b—y,2)+N(x,b—y,z)
+N(a—-x,y,z)+N(x,y,z)
+N(b-y,a—x,z)+N(y,a—x,z)
+N(b_)’aX,Z)+N(y,X,Z)]

where
1
[af +a; +(a,— ZO)Z]Z -a,

1 >

M(a,,a,,0;) =In

[af +a; +(ay —zo)z}E +a,

ﬂl (ﬂ3_zo)
N P2 P3) = > > 5 d
Bl B [ﬂl +5; +(ﬁ3_zo):| "
R:ﬂOJS .
4n

3.3 Coupling magnetic moment

Magnetic coupling theory [26] indicates that the coupling
magnetic moment between the external master and internal
slave permanent magnets in the robot is perpendicular to the
plane formed by the magnetic moment vector (m) of the
slave permanent magnet and the magnetic vector (B) of the
rotating magnetic field. The coupling magnetic moment is

T.=mxB, ®)

The fluid resistance moment in the pipe against the
movement of the MCSCR is zero at stating moment or
stopping state because of the rotating magnetic field of the
master permanent magnet. With the increase in rotating
speed in the rotating magnetic field, the fluid in the pipe may
generate a moment of resistance against the rotation of the
MCSCR. As a result, the slave and master permanent
magnets cannot make completely synchronous rotation.
Instead, a hysteresis angle is formed, which refers to a slip
angle of . When the axis of the MCSCR is parallel to the
axis of the rotating magnetic vector, Eq. (8) can be rewritten
as

T.=m-B-sino ©)]
where § is the slip angle between the rotating magnetic
vector of the master permanent magnet and the magnetic
moment vector of the slave permanent magnet.

One cycle of the slave permanent magnet in the
MCSCR, which is driven by the counterclockwise rotation
of the external master permanent magnet from position (1) to
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position (5), is shown in Fig. 7. At initial starting point, N
pole of the slave permanent magnet and S pole of the master
permanent magnet are relatively static. Under this
circumstance, the slip angle is zero (Fig. 7(1)). With the
increase in speed of the master permanent magnet, the slave
permanent magnet is driven to rotate by the coupling
magnetic moment. The slave permanent magnet has a
hysteresis of one constant slip angle C in relative to the
master permanent magnet due to retardation of the MCSCR
in a large-viscosity pipe (Fig. 7(2)). When a steady rotating
speed is reached, C will be kept until deceleration and
stopping. The rest rotating states are shown in Figs. 7(3), (4),

and (5).
a)J/ / /

C,:B;, MCSCR

@ ey

Fig. 7. Relative rotating principle between the master and slave
permanent magnets

In the process from stating moment to steady rotation of
the MCSCR, the coupling magnetic moment increases with
the increase in slip angle. When the fluid resistance moment
is smaller than the coupling magnetic moment,

T, <T,. (10)

As the MCSCR accelerates to rotate gradually, the fluid
resistance moment is increased accordingly. When the fluid
resistance moment is equal to the coupling magnetic
moment,

T, =T,. (11)

The MCSCR reaches a steady speed. Under this
circumstance, the slave permanent magnet in the MCSCR
and the rotating magnetic field rotate synchronously,
whereas the slip angle and fluid resistance moment are kept
constant. At deceleration of the rotating magnetic field, the
fluid resistance moment is higher than the coupling magnetic
moment, and

T,>T..

>T, (12)
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The hydrodynamic pressure of the MCSCR is decreased,
which decreases the fluid resistance moment of large
viscosity against the MCSCR gradually. The MCSCR can be
driven inversely by portable electromagnetic propulsion
device with dynamic rotating magnetic field when adjusting
the counterclockwise rotation of the stepping motor. In this
way, the MCSCR makes retreated movement.

3.4 Self-starting characteristics

In a pipe filled with large-viscosity fluid, the external
surface of a MCSCR is adhered with spiral ribs to facilitate
backward outflow of the fluid along the axis of the MCSCR
due to self-rotating of the robot. The MCSCR is driven by
the shearing force of the fluid and a counter-acting force of
pressure to move forward. In other words, if the axial thrust
F,, and the resistance of fluid against the MCSCR is F,_,

then the resultant force on the MCSCR is F=F,,—F, .

axi

The stress and moment distribution of the MCSCR are
shown in Fig. 8.

Kinematic
Velocity

%
¥

Fig. 8. Dynamic equilibrium of a MCSCR

if £ >F

res axi

then the MCSCR
begins to rotate rapidly from the static position when F <0.
When the rotating speed of the MCSCR reaches the critical
rotating speed of self-starting, F,, = F,_,. At this moment,
F=0. When the MCSCR continues to accelerate until
F,=F_ is reached again, it will achieve the stress

res axi

At the initial starting,

equilibrium along the axial direction, and the axial thrust is
equal to the resistance of fluid. Therefore, the MCSCR
moves forward at a steady speed.

F

axi

=F

res * (13)
In this case, the constant feeding speed of the MCSCR is
U, . Fluid resistance is related to the shape, speed, and

incident flow of a robot and the properties of the fluid (e.g.,
viscosity and compression). Therefore, the resistance of fluid
against the MCSCR can be expressed as

2
F pU;

res

_¢, Py, (14)

where C,) is a resistance coefficient and 4 is the projection

area of incident flow of the MCSCR, that is, the resistance
area.

When the MCSCR moves in fluid, the fluid resistance is
directly related to the Reynolds number and external shape
of the robot. When the Reynolds number is relatively low,
viscosity, which is related to axial thrust, is the main
influencing factor, and effects of inertial force are neglected.
The Reynolds number in a round pipe is
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_UDp
ﬂ 2

Re (15)

where D is the diameter of the pipe, p is the density of
fluid, and g is the dynamic viscosity of fluid. The diameter

of the round pipe is very small and the dynamic viscosity is
#=05Pa-s due to the low movement velocity of

MCSCR. Therefore, Re <1. On this basis, the resistance of
viscous fluid against the MCSCR can be deduced from the
Stokes formula as
F,, =3nudU, , (16)
where d is the diameter of the hemispherical head of the
MCSCR.

From the combination of Egs. (14), (15), and (16), the
resistance coefficient can be gained as

_24

C .
Re

D

(17

Finally, resistance of fluid against the MCSCR can be
gained as

2
LY (18)
Re 2
The dynamic self-starting process of a MCSCR is shown
in Fig. 9. First, when the rotating speed of the external
magnetic field is low and is lower than the self-starting of
the MCSCR, the MCSCR only spins around but cannot
move forward, which is caused by the retardation of viscous
liquid. Later, the rotating speed of the MCSCR increases
with the increase in the rotating speed of the external
magnetic field, and the MCSCR begins to move forward.
This rotating speed of the external magnetic field is called
self-starting rotating speed. Subsequently, the MCSCR can
move stably along the center of skewed pipe after a short
period of steady adjustment because of the influence of the
dead load and external magnetic field (Fig. 9(c)).

Fig. 9. Dynamic self-starting process of a MCSCR. (a) Static state. (b)
Starting moment. (c) Stable moving

3.5 Experiment

A MCSCR and a portable electromagnetic propulsion device
with dynamic rotating magnetic field in Table 1 were
developed to verify the accuracy of the above-mentioned
theoretical analysis and self-starting rotating speed of the
robot (Fig. 10). A rotating magnetic field control experiment
was conducted.

For the convenience of comparison, the experiment was
performed in a transparent acrylic glass tube with a MCSCR.
The inner diameter of this acrylic glass tube is 19 mm, and
its two ends have nonclosed connection with PVC bends to
assure natural mobility of liquid in the tube. The acrylic
glass tube was filled with the mixing liquid formed by
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viscosity-varying water and glycerinum at different
proportions based on the Grunberg—Nissan method [27] for
hydrodynamic pressure test under different viscosities. The
mole numbers of water and glycerinum, which were
corrected by the Brookfield Viscometer, are shown in Table

g ‘ Transparent
Electromagnetic % s Acrylic Tube

Propulsion Device

Toslameter B

Fig. 10. Experimental system for portable dynamic rotating magnetic
field control

Table 2. Mole number under different fluid viscosities

u(Pa-s) 0.1 0.2 0.3 0.4 0.5 0.6
Water(mol) 046 | 035 | 022 | 021 | 0.15 | 0.11
Glycerinum(mol) 0.54 0.65 0.78 0.79 | 0.85 0.89

The measurement of axial thrust is shown in Fig. 11. A
fine line was extended from the MCSCR tail to connect with
the digital push and pull tester (VICTOR 10N). The
numerical value of the axial thrust of a MCSCR, which was
measured by a digital push-and-pull tester, can be displayed
on the tester or a computer.

MCSCR

Digital Push and Pull Tester

Computer

Fig. 11. Measurement of axial thrust

The self-starting rotating speed of a MCSCR in a
transparent acrylic glass tube filled with different fluid
viscosities was tested (Fig. 12). White reflective paint was
coated on the side of the MCSCR, and the rotating speed
was measured by a laser rotating speed meter (VIC6234P).

Fig. 12. Self-starting rotating speed measurement of a MCSCR
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4. Result analysis and discussion

4.1 Influences of fluid viscosity on axial thrust and steady
speed

The simulation curves of the axial thrust and steady speed of
the MCSCR under different fluid viscosities are shown in
Fig. 13. Given a fixed fluid viscosity, axial thrust is
positively correlated with steady speed. When fluid viscosity
increases, the axial thrust is increased accordingly.

2.57
—6— Steady Speed U,,=10 (mm/s)
20 —&— Steady Speed U,=20 (mm/s)
z- —<— Steady speed Ug;=30 (mm/s)
g
w2150
; £
E .
1o
< =)
=
<
0 | | | | )
0.1 0.2 0.3 0.4 0.5 0.6

Viscosity u(Pa-s)

Fig. 13. Relation curves between fluid viscosity and steady speed

The simulation relation curves between axial thrust and
fluid viscosity are shown in Fig. 14. Given the same fluid
viscosity, the steady speed is proportional to axial thrust.
When the axial thrust is fixed, the steady speed is negatively
related to fluid viscosity. In summary, fluid viscosity is vital
to the movement of a MCSCR. When the axial thrust is
0.5 mN, the steady speed becomes a constant at 0.6 Pa-s
of fluid viscosity. With the continuous increase in viscosity,
the steady speed changes slightly.
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Fig. 14. Relation curves between fluid viscosity and axial thrust

4.2 Influences of steady speed and axial thrust on self-
starting rotating speed

The simulated relation curves between the self-starting
rotating and steady speeds of a MCSCR under different fluid
viscosities (4 =0.1,0.3,0.5 Pa-s) are shown in Fig. 15. The
intersection point between curves and the x-axis is the
corresponding self-starting rotating speed. The self-starting
rotating speed of a MCSCR is negatively correlated with
fluid viscosity, whereas the rotating speed of a started
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MCSCR is positively related to steady speed. Fig. 15 depicts
that self-starting rotating speeds are 52, 71, and 91 r/min
when 4 =0.1,0.3,0.5 Pa-s, respectively.
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Fig. 15. Relation curves between self-starting rotating and steady
speeds

The simulated relation curve between self-starting
rotating speed and fluid viscosity is shown in Fig. 16. The
intersection point between curves and the x-axis is the
corresponding self-starting rotating speed. Self-starting
rotating speed decreases gradually with the increase in fluid
viscosity. The MCSCR has to overcome a strong resistance
when a large-viscosity fluid exists. High viscosity causes
strong resistance of fluid and a strong axial thrust that is
needed.
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Fig. 16. Relation curves between self-starting rotating speed and fluid
viscosity

4.3 Experimental results of self-starting rotating speed
Comparison  between  theoretical  simulation  and
experimental results on the self-starting rotating speed of a
MCSCR is shown in Fig. 17. The experimental results
conform to the theoretical analysis results, and this
conformity verifies the accuracy of the self-starting
characteristic model of the above-mentioned fluids.

The measured self-starting rotating speeds are shown in
Table 3. The self-starting rotating speed of a MCSCR
increases with the increase in fluid viscosities, and the
minimum is achieved (85 r/min) when the fluid viscosity is

0.1Pa-s.
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Fig. 17. Experimental curves of self-starting rotating speed, axial

thrust, and fluid viscosity

Table. 3. Self-starting rotating speed under different fluid
viscosities

Fluid viscosities

0.1 0.2 0.3 0.4 0.5 0.6
u(Pa-s)
Self-starting
rotating speed | 85 133 171 198 216 | 288
n(rpm)

The relationship between coupling magnetic moment
and self-starting distance was tested to determine the
maximum self-starting distance to drive a MCSCR. The
results are shown in Fig. 18. With the increase in distance to
a MCSCR, the coupling magnetic moment decreases
gradually. When the master permanent magnet is 29 mm
away from the MCSCR, the maximum coupling magnetic
moment reaches the minimum (0.1 mN-m).
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Fig. 18. Relation curves between the maximum coupling magnetic
moment and distance to the MCSCR
5. Conclusions

25 30

For simple control over a MCSCR and disclosing the
relationship between the self-starting characteristics of the
MCSCR and fluid viscosity, a portable electromagnetic
propulsion device with dynamic rotating magnetic field and
a MCSCR were developed. A spatial magnetic field
distribution model of permanent magnet was constructed. A
theoretical analysis and an experimental study on the
coupling characteristics between the master and slave
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permanent magnets and the self-starting characteristics of a
MCSCR were performed. The following conclusions could
be drawn:

(1) The swimming speed of a MCSCR can be adjusted
by controlling the rotating speed of the master permanent
magnet. Fluid viscosity is inversely proportional to the
steady speed of a MCSCR. Given the same viscosity, steady
speed is positively related to the rotating speed of the
MCSCR.

(2) Fluid viscosity is proportional to the axial thrust of a
MCSCR. In other words, axial thrust is needed to be high
under high fluid viscosity. Axial thrust increases gradually
with the increase in steady speed. When the fluid viscosity is
0.1 Pa-s, the self-starting rotating speed is the lowest at
85 r/min .

(3) The self-starting rotating speed of a MCSCR
increases with the increase in fluid viscosity. Axial thrust is
also positively related to rotating speed. Given the same
fluid viscosity, the self-starting rotating speed and axial
thrust are proportional to steady speed.

(4) The coupling magnetic moment can be adjusted by
controlling the distance between the master permanent
magnet and the MCSCR. The coupling magnetic moment
decreases with the increase in distance. Self-starting of a
MCSCR can be controlled by adjusting the self-starting
distance between the coupling magnetic moment and the
MCSCR. When the master permanent magnet is 29 mm

away from the MCSCR, the maximum coupling magnetic
moment reaches the lowest level at 0.1 mN-m.

In this study, relations of the axial thrust, coupling
magnetic moment, and steady speed of a MCSCR are
disclosed by controlling its self-starting rotating speed under
different fluid viscosities. On this basis, driving control of a
MCSCR with a low torque and a strong axial thrust can be
realized. This study lays a foundation for clinical
applications of in vivo MCSCRs for rapid detection with
low power consumption. However, without positioning
technology of MCSCRs, future studies shall carry out an in
vitro experiment in intestinal tract by combining the posture
positioning of the MCSCRs and research results in this study
to acquire a highly accurate understanding on self-starting
characteristics.
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