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Abstract

Capsule endoscopy is a new type of technology in the diagnosis and treatment of digestive diseases, with painless and low
invasive features. However, current capsule robots have many problems, such as over-sized, single function and lack of active
locomotion control. This study proposed and designed a new wireless modular capsule robotic system in pipe. The modular
capsule robots could move forward and backward in the pipe in the axial direction, turn in a bending environment, and achieve
the rendezvous and separation action through the three-dimensional rotating magnetic field generated by the three-axis
Helmholtz coils. In this paper, the drive system of the three-axis Helmholtz coils, the power supply control system, and the
modular capsule robot structure were analyzed and designed respectively. Finally, a series of characterization experiments were
carried out to evaluate the motion characteristics of the modular capsule robots, including the influence of the flow environment
imitated to human body’s gastrointestinal motility, the frequency of the input signal, and the different structure of the robots on
the movement characteristics of the modular capsule robot in this study. The study also evaluated the turning characteristics of
robots. Experimental results showed that under different circumstances, modular capsule robots had good motion characteristics,
and the effectiveness of the modular functionality had also been verified.

Keywords Modular interface - Three-axis Helmholtz coils - Capsule robot - Power supply control system

1 Introduction responsible for gastrointestinal tract detection and treatment.
Due to the small internal space, capsule robots need to inte-
grate various sensors and microcontrollers into multiple func-

tions, Therefore, a number of key technologies of wireless

In recent decades, with the progress of science and technolo-
gy, wireless capsule endoscopic robots become an effective

alternative to traditional endoscopic techniques [1]. Compared
with the traditional endoscopic technology, wireless capsule
endoscopy has many advantages [2]. The size of wireless
capsule endoscopes is smaller than the traditional endoscopic,
is easy to check, and has less impact on patients’ normal
working life. The ideal capsule endoscopy robots need to be
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capsule robots are still to be solved.

At present, various research institutes focus on the research
of wireless capsule robots in two directions: one is the study of
their active movement [3-5], the other is the study of the
image acquisition of robots and other additional features, such
as image enhancement, robot positioning, delivery of drugs,
and tissue collection [4, 6-9].

The medical technology company Given Imaging from
Israel introduced the world’s first commercial capsule endos-
copy product, named M2A capsule [10]. But its movement
relied on the physiological natural peristalsis of the digestive
tract, which means it is a passive motion. Yim and Sitti at
Carnegie Mellon University in the USA designed a prototype
of a magnetically actuated soft capsule endoscope [11-13].
Through the external magnetic field, this mechanism could
proactively deform to compress the chamber in the body and
release the medicine. In the following study, they designed a
device for biopsy based on the original drug delivery robot
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which uses microgrippers to collect tissue samples. Kim and
Ishiyama at Tohoku University proposed an active locomo-
tion robot with targeted drug release based on a rotating mag-
netic field control of a three-axis Helmholtz coil system [9].
The robot solved the problem of active locomotion and drug
delivery of the capsule robot at the same time. However, the
robot has less capacity for movement and less drug-carrying
capacity. Yan et al. from Shanghai Jiao Tong University in
China designed an expanding extending robotic endoscope
with spiral legs [14, 15]. This robot could crawl imitating
the geometer moth. However, its movement speed is slower
than that of a spiral capsule robot. Zhang et al. of Dalian
University of Technology conducted continuous research on
magnetic wireless capsule robots and developed a variable-
diameter capsule robot based on multiple wedge effects and
a dual hemisphere capsule robot [16-21]. When the variable-
diameter robot rotates, the thrust generated by the multi-
wedge effect through the wedge gap promotes the axial move-
ment of the robot to realize the non-contact movement of the
robot. The dual hemisphere capsule robot can take the active
and passive modes of flexible movement. In recent years, Guo
Lab of Kagawa University conducted an in-depth study of an
active-motion capsule robot driven by a three-axis Helmholtz
coil [22-26]. The lab proposes a hybrid robot that can switch
between two modes of motion and is more adaptable. The
Biomedical Robot Laboratory of Tianjin University of
Technology also conducted continuous research on medical
micro-pipeline robots and developed a spherical medical
microrobot [27, 28]. The robot used a spherical shape struc-
ture and it was more space efficient. This design effectively
reduced the size of the robot and provided more flexibility in
movement. The advantages and disadvantages of the above
robots are shown in Table 1.

Although some achievements have been made in the re-
search of wireless capsule robots in pipe, the research in this
field is still in the stage of continuous exploration and im-
provement for clinical application, and a series of key techni-
cal problems still need to be solved urgently. On the one hand,
the large size of capsule robots may lead to poor movement
characteristics and also result in low practicality of the capsule
robot. On the other hand, the features of the wireless capsule
robots are relatively simple, and functions such as image ac-
quisition, drug delivery, and biopsy cannot all be integrated on
the single robot. In view of the above problems, this paper
proposed and designed a wireless modular capsule robot sys-
tem in pipe. The spiral modular capsule robots of this system
were driven by the universal rotating magnetic field and could
realize the rendezvous and separation control between the
modular capsule robots.

This paper is structured as follows. Firstly, we elaborated
on the overview of the modular capsule robot system in pipe.
Secondly, we proposed the structure and prototype of the
modular capsule robots. Thirdly, we carry out the experiments
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in different environments and verify the modular capsule ro-
bots’ motion performance. Finally, we give conclusions and
future work.

2 System overview

Figure 1 shows the conceptual diagram of the wireless mod-
ular capsule robot system in pipe. The system consisted of the
master part and the slave part. At the master PC, the doctor
manipulated the joystick according to the image and the posi-
tion information displayed on the screen transmitted from the
capsule robot of the slave part. The joystick converted the
doctor’s operation into position parameters and sent it to the
PC. The master PC’s power supply control system converted
the position parameters into the commands of the power sup-
ply of the slave part and then transmitted them to the power
supply wirelessly. After receiving the signal, the power supply
outputted the corresponding three-phase alternating current to
change the rotating magnetic field generated by the three-axis
Helmbholtz coils. At the same time, it was possible to control
the movement of capsule robots with built-in permanent
magnets.

2.1 The three-dimensional rotating magnetic field

The Helmbholtz coil is made up of two annular coils of exactly
the same size and structure. The two coil faces are coaxial and
parallel, and the distance between their center points is equal
to the radius of the respective loop coil. If a sinusoidal alter-
nating current was passed through the Helmholtz coil, a uni-
form magnetic field of sinusoidal variation in intensity could
be produced in its central region. If two pairs of orthogonal
Helmholtz coils were fed with an alternating current having a
phase angle of 90° different from each other, a rotating mag-
netic field plane perpendicular to both coil faces can be
superimposed in the central region. However, if we added a
pair of Helmholtz coils in this system to form a three-axis
Helmholtz coil which is orthogonal to each other and passed
a certain form of alternating current in the system, in theory,
an arbitrary plane of rotating magnetic field should superim-
pose on the central area of the coil. This study uses such a
three-axis orthogonal circular Helmholtz coil, as shown in Fig.
2; the specific parameters are shown in Table 2.

Zhang et al. proposed a method of adjusting the axial di-
rection of the external rotating magnetic field generated by the
three-axis Helmholtz coils [18]. At the same time, there are
many research institutions to study the control method of cap-
sule robots by the three-dimensional rotating magnetic field
[29, 30]. This approach could provide the safety and reliability
that other approaches could not effectively achieve. It had
great potential for medical robotic applications and had be-
come a major trend of research in this area.
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Table 1

Pros and cons of robots

Robot

Advantage

Disadvantages

26 mm

11 mm

Image acquisition

function

Passive motion, lack

of other functions

The magnetically actuated soft

capsule endoscope

Release the

medicine

Passive motion, lack

of other functions

Active locomotion
and drug delivery of

the capsule robot

Less capacity of
movement and less
drug carrying

capacity

The expanding-extending robotic

Crawl imitating the

Geometer moth

Slower movement

speed

endoscope with spiral legs
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Table 1

Figure 3 shows the schematic diagram of the three-axis
Helmbholtz coils used in this paper. Take the center point of
the three Helmholtz coils as the origin o, the outer ring coil
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axis as the x-axis, the middle ring coil axis as the y-axis, and

the inner ring coil axis as the z-axis, to establish a space rect-

angular coordinate system oxyz. 7 is the normal vector of the
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Fig. 1 The conceptual diagram of
the wireless modular capsule
robot system in pipe

Doctor

Operatel
Master PC

é_t

Joystick

plane of the rotating magnetic field. As shown in the figure,
the angles between it and the x-axis, y-axis, and z-axis are «, 3,
and ~, respectively.

As long as the three-axis Helmholtz coil is fed with the
current of the following equation to drive the coil to generate
a plane normal vector and the direction of the vector space
rotating magnetic field:

I, = —Ipsinasin(wt—y, )

I, = —Iysinfsin (wt + <py> (1)
I, = Iysinysin(wt)

Fig. 2 The three-axis orthogonal circular Helmholtz coils

Master Part

Three-dimensional
Helmholtz coils and
capsule robots

Image and
location
information

Power control Signal to
signal drive the
coils

Power supply

where a, (3 and 7y are the angle between the vector 7 and

the x-axis, y-axis, and z-axis angle, respectively;
tanp, = wg’%,tangpy wooeos Lo 1s the amplitude of the

currents; w is the angular frequency of the sinusoidal alternat-
ing current.

According to Eq. (1), passing current into the coils could
produce a rotating magnetic field with a normal vector 7.
However, this formula only applied to the first quadrant of
the Cartesian coordinate system. In order to solve this prob-
lem, the alternating current fed into each coil needed to be
processed separately in the opposite phase. By combining
these processes, it is possible to achieve control of the rotating
magnetic field in space on each quadrant and coordinate axis.
According to Eq. (1) and its variants, we could get the rota-
tional direction of the rotation magnetic field and the direc-
tions of the normal vectors in eight quadrants in the
Mathematica. Figure 4 shows the results, which is basically
consistent with the formula description.

2.2 The power supply control system

This study used the Kikusui PCR3000LE2 three-phase AC
power supply as a three-axis Helmholtz coil drive source. It

Table 2 The specific parameters of the three-axis Helmholtz coils

Coil  Wire diameter Turns Radius Resistance (20 °C)
(mm) (mm) (9]

X-coil 1.8 216 2943 5.52

Y-coil 1.8 174 2114 3.29

Z-coil 1.8 126 1574 1.86
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Fig. 3 The schematic diagram of the three-axis Helmholtz coils

could output any adjustable three-phase alternating current
signal enough to satisfy the needs of the system for a three-
dimensional rotating magnetic field. And the magnetic field
could effectively drive the capsule robot movement in the
human gastrointestinal tract. In this study, a highly customized
power supply control system had been developed for this
power supply to realize its complicated control. The doctor
could order the direction of the robot’s movement through the
joystick. After receiving the instruction, the power supply
control system converted the coordinate information sent from
the joystick into a corresponding power control signal, and

(a) (b)

() (f)

then wirelessly transmitted it to the power supply. Then, the
power supply would output the corresponding drive signal to
the three-axis Helmholtz coils. At the same time, the power
status information would be fed back to the power supply
control system and displayed on the interface.

Figure 5 shows the power supply control system interface.
The interface is divided into four parts. The top of a column is
the device list information bar. The second part is the tab bar.
This part is used to display the control mode tab page. Figure 5
a shows the axial control tab interface and Fig. 5 b shows the
3D control tab interface. The third part is the control status bar.
This part is used to display the control status of the joystick
and power output. The bottom column is the power status
information bar, where the real-time display of the power con-
nection, the output status information, voltage information,
and frequency information, allowing users to keep abreast of
the latest power status.

3 The proposed modular capsule robots
3.1 Design and fabrication of modular capsule robots

The modular capsule robotic system designed in this paper is
shown in Fig. 6. The system concludes two main units: the
guide and the auxiliary robot. Both capsule robots have a
built-in permanent magnet which magnetized in the radial

‘\1

(9) (h)

Fig. 4 The rotating magnetic field simulation results for each quadrant. a First quadrant. b Second quadrant. ¢ Third quadrant. d Fourth quadrant. e Fifth

quadrant. f Sixth quadrant. g Seventh quadrant. h Eighth quadrant
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direction and can perform a spiral motion driven by an exter-
nal rotating magnetic field. At the same time, the robot body
can be driven to rotate with its central axis as a rotation axis.
And two magnets which are magnetized in the axial direction
are placed in the rear of the guide robot and in the front of the
auxiliary robot, respectively. These two magnets can be

Fig. 5 The power supply control
system interface. a The axial
control tab interface. b The 3D

PCRLE CONTROLLER

DEVICE COMPANY = DEVICE NAME  DEVICE MODEL DEVICE VERSION

utilized to combine two parts of the robot through the force
of different poles of magnets.

Due to size constraints, the robots proposed in this study
are not easy to manufacture using traditional machining
methods. Therefore, we split a single robotic model into sev-
eral parts and then used ABS (acrylonitrile butadiene styrene)

| Device information ‘

|
| KIKUSUI PCR1000LE VL001735 442
control tab interface :

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
| e e e e . ===y |
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| o o |
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L < ][ 10 w
| |
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| Forward Backward ) |
| 0 | mU/min |
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: Is(arl le(mdingl [ l |
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: I delete data I I save data I |
(
| |
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]|
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Output :
(

Connected

Control status

*@)

Voltage: 15V  Frequency: 10Hz

l Power status information ]

(a) The axial control tab interface

PCRLE CONTROLLER

S

Connected Output: ON
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VL001735 442
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o e e T i i

|
|
Output :

- @D

Control status

Voltage: 15V  Frequency: 15.59Hz
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(b) The 3D control tab interface

@ Springer



Med Biol Eng Comput

Fig. 6 The 3D model of the
modular capsule robots

Y

Guide robot

material to print out each individual part using the 3D printer,
as shown in Fig. 7a and then assembled to complete the pro-
totype, as shown in Fig. 7b, c. Table 3 shows the parameters of
the robots’ prototype [31].

3.2 Principle of modular capsule robots’ movement

As described in Section 3.1, the permanent magnets in the
center of the two robots which magnetized in the radial
direction can be driven by the external rotating magnetic
field generated by the three-axis Helmholtz coils. And
meanwhile, the robots perform a spiral motion which

Fig. 7 The prototypes of modular
capsule robots. a The individual
parts. b The guide robot. ¢ The
auxiliary robot

The magnet magnetized in the radial direction

The magnet magnetized in the axial direction

Auxiliary robot

rotation axis was the center axis under the rotation of
the magnet. When it rotates in the liquid and its direction
of rotation is counterclockwise, as a result of the reaction
force exerted by the liquid flow on its helical guide
groove, the guide robot will move forward simultaneous-
ly, as shown in Fig. 8.

Similarly, the performance of the permanent magnet
which magnetized in the radial direction of the auxiliary
modular robot in the rotating magnetic field is consistent
with that of the forward robot. But the spiral direction of
helical diversion grooves on it is opposite to the guide
robot. It is counterclockwise when the sight is from the

(a) The individual parts
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Table 3  The parameters of robots

Coil Length (mm) Diameter (mm) Grooves depth (mm) Grooves width (mm) Grooves number (mm)
Guide robot 394 12.5 1.5 4.5

Auxiliary robot 33.8 12.5 1.5 4.5

robot’s head to tail. This leads to the fact that its axial
direction is opposite to that of the guide modular robot
when they are under the same rotating magnetic field, as
shown in Fig. 9 [31].

Therefore, the direction of movement of the auxiliary
robot and the guide robot is on the contrary under the
same rotating magnetic field. Based on this principle,
the auxiliary robot can follow and meet the guide robot
in the same magnetic field. And it can also be separated
after the two robots have docked because of the opposite
movement of them [31].

3.3 Design of modular interface of capsule robots

A tapered groove in which the tilt angle is 30° is designed in
the rear of the guide robot. And with it is the conical bulge
which in the front of the auxiliary robot and its tilt angle is also
30°. So, these two structures can be fitted with each other. The
docking interface can be modularized, and in this case, all of
the auxiliary robots can dock with the robots which have the
guide robot’s docking interface.

In order to make two robots docking and keeping the state,
there should be a mechanism to attract two robots together.
Figure 10 describes the mechanism to achieve this purpose.
As is shown in this figure, two permanent magnets which are
magnetized in the axial direction are placed in the rear of the
guide robot and in the front of the auxiliary robot. Therefore,
when the distance between them is close enough, the magnetic
force generated between the two magnets will attract the two
robots together. The size of the magnetic force between the
two magnets when they are docked can be altered as long as
adjusting the position of the magnets in the robots.

The direction of the flow

The direction of rotation

The direction of movement

Fig. 8 The rotational motion and axial motion of the guide robot

3.4 Dynamic model of modular capsule robot in fluid
environment

With some previous researches [32], a dynamic model of a
modular capsule robot in fluid was established and analyzed
in this paper. First, let 6 be the helix angle of the helical guide
groove. The velocity of the surface of the capsule in the cir-
cumferential direction U and the velocity V, in the direction of
rotation y and direction x perpendicular thereto can be
decomposed when the capsule robot rotates to obtain the ve-
locity component V along the helical direction and the velocity
component W perpendicular to the helical direction:

V = Ucosl + V ,sinf 2)
W = Ucosf—-V ,sinf

Figure 11 shows a schematic cross-sectional view of the
robot in a direction perpendicular to the helix. ¢ is the distance
from the robot to the pipe, a is the pitch, ha is the height of the
spiral guide groove, b is the screw top width.

For easy analysis, only analyze the pressure within one
pitch, as shown in Fig. 12.

d (sdp\ dh
dx (h dx> =6nw dx 3)

where /4 is the distance from the surface of the robot to the
pipe wall, p is the pressure of the robot surface and the fluid,
and p is the viscosity of the liquid. Integrate Eq. (3) to get:
h—h
p:6uW—h30x+C1 (4)

where /g and C; are indefinite values.

The direction of the flow

The direction of rotation

—

The direction of movement

Fig. 9 The rotational motion and axial motion of the auxiliary robot
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The magnet magnetized in the radial direction

| {
1IThe magnet magnetized
| in the axial direction

1
______________ =

Guide robot Auxiliary robot

Modular interface

Fig. 10 The modular interface diagram [31]

According to the Navier-Stokes equations, the fluid on the
surface of the helical guide groove is analyzed:

1op _2u
pwox 072
1o _ oy o
woy 072

where u is the velocity of the fluid perpendicular to the direc-
tion of the helix and v the velocity of the fluid in the direction
of the helix.

According to the previous study [33], we can get the axial
thrust of the robot Fa:

38(1-B)y*[(r—cy)wrsind-V zrcosd) (wrsind—V ,cosd)cosd
(1-8)[(r—cv)wrsind—V rcosb] + Br(1 + ~)? (wrsind—V ,cosd)
(1-8)(r—¢v)

MR

-vfﬂva}
(6)

where = g, v = hj’, A= hT“, r is the radius of the capsule
robot, and L is the length of the capsule robot.

4 Experimental results

In order to verify the performance of the modular capsule
robots designed in this study and the effect of the control
system, a series of experiments were carried out to evaluate
the characteristics of the wireless modular capsule robotic
system.

o b

Fig. 11 The schematic diagram of the robot along the direction
perpendicular to the helix

ha

b
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Fig. 12 The profile parameters of a single pitch of the robot

Figure 13 shows the experimental platform. The experi-
mental platform includes the three-axis Helmholtz coils that
can generate a rotating magnetic field as described above, the
three-phase AC power supply PCR3000LE2 that can be used
to drive the coils, the master PC, and the joystick for wireless
control. Peristaltic pump simulates the human digestive envi-
ronment. This study also used a peristaltic pump that can
simulate the digestive environment of the human body.
Figure 14 shows the elbow diagram.

When the peristaltic pump output flow rate is 180 mL/min,
the flow rate of the fluid in the tube is 2 cm/s (the maximum
rate of human intestinal peristalsis), so this study chooses 180
mL/min as the maximum output flow rate, and 160 mL/min,
140 mL/min, and 120 mL/min are selected for comparison
simultaneously.

First, we evaluated and analyzed the axial forward and
backward movement characteristics of the guide and aux-
iliary robots at different flow rates. Figure 15 shows the
relationship between the frequency of the alternating cur-
rent signal input to the Helmholtz coils and the average
moving speed of the guide robot when it moves down-
stream forward under different flow velocities in the tube.
Figure 16 shows the relationship between the current sig-
nal frequency and the average moving speed of the guide
robot when it moves upstream backward under different
flow velocities in the tube.

Figures 15 and 16 show that the guide robot in the modular
capsule robot designed in this paper can move normally in the
rotating magnetic field. When it moves downstream forward,
its starting frequency is 2 Hz and its cutoff frequency is 19 Hz.
The cutoft frequency (19 Hz) that means the frequency above
which the robot can no longer rotate continuously in synchro-
nous with the rotational magnetic fields. Cut-out frequency is
well understood for magnetic helical robots in uniform fields;
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Fig. 13 The experimental

[ Peristaltic pump |

platform

it is discussed in our previous researches. The experimental
results of the spiral jet motion indicated the linearity between
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(a) Curvature:4m™=1 Arc length:290mm Center angle:60°
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(¢) Curvature:8.5m=1 Arc length:290mm Center angle:120°

-

I (d) Curvature:11m="  Arc length:290mm Center angle:150°

Fig. 14 The elbow diagram

[ Capsule robot]

Thr_ee-axis Helmholtz coils

magnetic field changing frequency and the moving speed
from 2 to 19 Hz [23].

As can be seen from Fig. 16, when the guide robot moves
upstream backward, as the water flow rate increases, the
starting frequency of the guide robot is greatly reduced, even
reaching 16 Hz at the maximum flow rate of 180 mL/min. The
reason for this is that the guide robot has a modular interface at
the rear of it for docking with the auxiliary robot. The diameter
of'the interface portion is the same as the diameter of the robot
body. This factor causes the interface to block part of the water
flow into the guide groove of the robot body when the guide
robot moves upstream backward, thereby reducing part of the
axial thrust force that the robot can obtain through the rota-
tional movement. As a result, its starting frequency increases
drastically as the flow rate increases.

There is a special phenomenon that needs attention. From
11.5-12 Hz, whether it is moving downstream forward or
upstream backward, under each flow velocity, the average
axial movement speed of the guide robot has a relatively ob-
vious downward trend. Then, as the frequency increases, the
robot’s speed gradually picks up. This fluctuation occurs be-
cause when the robot rotates at a lower frequency, due to the
effect of gravity, the guide groove has a longer contact time
with the pipe wall. The friction generated by these contact
points will provide a great impetus to the robot when rotating.
When the robot’s rotation frequency increased to a certain
value, the body will be wrapped around a circle of fluid film.
This layer of fluid film will separate the robot wall from the
tube. At this time, the friction between the robot and the pipe
wall is reduced, and the propulsion force is provided almost

@ Springer
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Fig. 15 The relationship between 80 T T T
the frequency of the current signal
and the average moving speed of 70
the guide robot when it moves - Flow rate: 0 mL/min
downstream forward under ——Flow rate: 160mL/min
different flow velocities 60 rate: 180mL/min
0 rate: 120mL/min
E 50 rate: 180mL/min
s}
o)
[
« 40
o
hel
Q
2
@ 30
Q
£
[
20
10
0
0 2 4

entirely by the shear stress of the fluid on the guide groove. As
described above, for the guide robot, the tail part of the mod-
ular interface not only has a blocking effect on the water flow
behind but also blocks the water flow in front of it. As a result,
this interface reduces the amount of propulsion that the water
stream provides to it, and the propulsion force cannot maintain
the previous robot speed. In the case of downstream forward,
the impact of this factor is slight. When the guide robot moves
upstream backward, its impact is obvious.

Figures 17 and 18 show the relationship between the
current signal frequency and the average moving speed of
the auxiliary robot when it moves downstream forward
and upstream backward under different flow velocities.
It can be seen from the figure that when the auxiliary

8 10 12 14 16 18 20
The frequency of current (Hz)

robot moves forward, the starting frequency and the cutoff
frequency are the same as those of the guide robot. When
it moves upstream backward, the starting frequency does
not increase significantly when the flow velocity increases
due to the different structures of the tail with the guide
robot. In the working frequency, the average moving
speed of the auxiliary robot increases with the increase
of the current frequency.

Secondly, we did three experiments to compare the kinemat-
ic performance of the guidance robot and the auxiliary robot.
According to the data measured in the experiment, the error in
the process of robot movement is obtained according to the
average difference formula, and the curves shown in Figs. 19,
20, 21, and 22 are made. As can be seen from these four figures,

Fig. 16 The relationship between 30
the frequency of the current signal
and the average moving speed of
the guide robot when it moves 25 ——Flow rate: 0 mL/min
upstream backward under ——Flow rate: 160 mL/min
different flow velocities —— Flow rate: 180 mL/min

2 5 ——Flow rate: 120 mL/min

E —— Flow rate: 140 mL/min

s}

Qo

[

< 15

o

el

Q

(9]

Q.

"

2 10

£

5
0 1
0 2 4 6
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Fig. 17 The relationship between 70
the frequency of the current signal
. ——Flow rate: 160 mL/min
and the average moving speed of )
. . 60 |- ——Flow rate: 180 mL/min 1
the auxiliary robot when it moves rate: 120 mL/min
downstream forward under rate: 140 mL/min .
different flow velocities __ 50| rate: 0 mL/min - ) -
£ .
£
E
g 40f .
Qo
[
‘G
B 30 .
(5]
Q
"
(o)
c
F ool _
10 b
0 1 1 1 1 1 1 1
0 2 4 8 10 12 14 16 18 20

the error in the forward flow is generally greater than the error
in the reverse flow, and the error under low-speed movement is
generally smaller than the error under high-speed movement.
When the frequency is higher than 14 Hz, the movement speed
of the robot fluctuates greatly. Therefore, when applying the
robot to practice, the robot should be controlled below 14 Hz to
achieve stable movement. At the same time, the speed-
increasing error of the auxiliary robot has almost no large fluc-
tuations in the entire working frequency. In the above analysis,
the influence of the guided robot tail modular interface on ki-
nematic performance was also verified.

Thirdly, in order to show the robot’s movement perfor-
mance more realistically, we conducted the movement exper-
iments of the capsule robot in the bent tube and in the fresh pig
intestine. The movement of the robot is controlled wirelessly
by the joystick.

The frequency of current (Hz)

Figure 23 a and b show the snapshots of the movement of
the guide robot and the auxiliary robot under a curved pipe
with a curvature of 11, respectively.

Figures 24 and 25 show the relationship between the cur-
rent frequency and the average forward speed of the guide
robot and the auxiliary robot at different curvatures, respec-
tively. As the turning movement was controlled manually, the
error of each measurement could not control very well. So, its
speed of movement had certain fluctuations. However, it can
still be concluded from the figure that the performance of the
two robots in the curved pipe is slightly lower than that in the
straight pipe, but the normal movement can still be guaran-
teed. This experiment validates the effectiveness of robot turn-
ing motion control in this system.

In order to increase the persuasion of the experiment and
further verify the motion performance and image information

Fig. 18 The relationship between 60
the frequency of the current signal
and the average moving speed of ——Flow rate: 140 mL/min
the auxiliary robot when it moves S0~ |——Flow rate: 0 mL/min
downstream backward under ——Flow rate: 160 mL/min
different flow velocities — Flow rate: 180 mL/min
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Fig. 19 The relationship between 8
the frequency of the current signal
and the average moving speed 71

error of the guide robot when they
move downstream forward under

. .. o ——Fl te: 0 mL/mi
different flow velocities 6 ow rae: @ m/min

——Flow rate: 140 mL/min
——Flow rate: 160 mL/min

——Flow rate: 120 mL/min
rate: 180 mL/min

The error speed of robot (mm/s)
N
T

acquisition function of the capsule robot proposed in this sub-
ject, this study designed and conducted the performance eval-
uation test of the capsule robot under the environment of pig
large intestine. The experiment selected a fresh pig large in-
testine with a length of 25 cm. The fresh pig large intestine
without water injection is shown in Fig. 26. The fresh pig large
intestine after water injection is shown in Fig. 27.

Since the pig’s large intestine is not transparent, it is im-
possible to observe the motion process of the capsule robot
intuitively. Therefore, we attached a luminous body to the
front of the robot and set up the experimental environment
under the condition of insufficient light. The position of the
capsule robot depends on the position of the capsule robot
light body. Several snapshots of the capsule robot’s move-
ment were taken, as shown in Fig. 28. The entire process is

8 10 12 14 16 18 20
The frequency of current (Hz)

20 s. It can be seen from Fig. 28. The robot can move back and
forth in the pig’s large intestine.

Finally, we carried out the rendezvous and separation ex-
periments of modular capsule robots. By comparing the data
in Figs. 15, 16, 17, and 18, it can be concluded that the dif-
ference between the forward and backward speed of the guide
robot is relatively large. So, we can take advantage of this
feature by allowing the guide robot to move backward slowly
and the auxiliary robot to move forward fast until they achieve
rendezvous action. Then, by reversing the direction of the
magnetic field, the guide robot and the auxiliary robot move
counter to each other to achieve the separation action.

Figure 29 is the snapshot of rendezvous and separation
of the guide robot and auxiliary robot with a flow velocity
of 0 in a straight tube. The figure shows that the guide

Fig. 20 The relationship between 4

the frequency of the C}lrrent signal  Flow rate. 180 mLimin
and the average moving speed 35 —— Flow rate: 120 mL/min
error of the guide robot when they ——Flow rate: 160 mL/min
move downstream backward 3 ——Flow rate: 0 mL/min
under different flow velocities —— Flow rate: 140 mL/min
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Fig. 21 The relationship between
the frequency of the current signal
and the average moving speed
error of the auxiliary robot when
they move downstream forward
under different flow velocities

Fig. 22 The relationship between
the frequency of the current signal
and the average moving speed
error of the auxiliary robot when
they move downstream backward
under different flow velocities

Fig. 23 The snapshots of the

movement of the guide robot and
the auxiliary robot under a curved
pipe with a curvature of 11. a The
guide robot. b The auxiliary robot

The error speed of the robot (mm/s)
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Fig. 24 The relationship between 20
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robot and the auxiliary robot move toward each other
when the flow velocity is 0. Until rendezvous, the guide
robot moved 35 mm backward, and the auxiliary robot
moved 80 mm forward. Then they successfully implement
the separation action [31].

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
The frequency of current (Hz)

Figure 30 shows the snapshot of rendezvous and separation
of the guide robot and auxiliary robot with a flow velocity of
160 mL/min in a straight tube. It can be seen from the figure
that the guide robot moved only 5 mm backward before ren-
dezvous. This experiment validated the effectiveness of

Fig. 26 The fresh pig large intestine without water injection

@ Springer

Fig. 27 The fresh pig large intestine after water injection
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Fig. 28 The snapshots of the
motion process of the capsule
robot.a7=0s.bT=5s.¢7T=10
s.dT=15s

Fig. 29 The snapshot of
rendezvous and separation of the
guide robot and auxiliary robot
with a flow velocity of 0 in a
straight tube

(d) T=15s
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Fig. 30 The snapshot of
rendezvous and separation of the
guide robot and auxiliary robot
with a flow velocity of 160 mL/
min in a straight tube

modularity of the modular capsule robotic system and provid-
ed theoretical support for practical clinical applications.

5 Conclusions

In this paper, we proposed a novel wireless modular cap-
sule robotic system. The system realized the motion con-
trol of the modular capsule robot in the pipe through the
three-dimensional rotating magnetic field generated by the
three-axis Helmholtz coils. The modular capsule robots
can move forward and backward in the pipe in the axial
direction, turn in a bending environment, and achieve the
rendezvous and separation action. The proposed modular
capsule robots include two units: the guide and the auxil-
iary robot. The helical guide grooves on the two robots
rotate in the opposite direction, so the opposite axial
movement can be carried out under the same rotating
magnetic field. The rear of the guide robot and the head
of the auxiliary robot are designed with a modular inter-
face, which can achieve the rendezvous function with the
embedded magnet at close distances and the separation
action when they moving in the opposite direction. In
addition, we have also designed a power supply control
system to control the movement of the proposed robots.
We also carried out a series of experiments to verify the

@ Springer

dynamic model of the robot in the fluid. The experiments
include evaluating the movement characteristics of the
robots moving forward and backward in the environment
of imitation of the human digestive tract, the performance
difference between the guide robot and the auxiliary ro-
bot, and the motion characteristics in the bending envi-
ronment. Finally, we carried out the rendezvous and sep-
aration experiments between the guide and auxiliary ro-
bots. The effectiveness of the modularity of the modular
capsule robotic system has been validated. In the future,
we will add some additional features to the robot and
conduct the appropriate in vivo experiments.

In future research, the research team will place the image
acquisition module on the main robot to make it have diag-
nostic functions, while the auxiliary robot will carry out
targeted drug delivery. The functions and functions of the
biopsy will enable the two robots not only to move indepen-
dently to realize their respective functions but also to coordi-
nate the functions of diagnosis and treatment. In vivo experi-
ments will also be conducted, hoping to carry out experiments
in vivo and apply all the functions of the robot in vivo.
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