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Abstract

Intracavity interventioris expected to become more and more popular in thdicalepractice,
both for diagnosis and for surgery. Wireless microtsbare employed in a wide range of
biomedical application, they have many potential to aquizsh many medical procedures
radically, which is due to they can be carried deeplthiw the body of living organisms to
perform tasks safe and reliable. The method of calomy is an important procedure for the
diagnosis of various pathologies, especially in caotére colon and rectum. Howevdrjs often
painful to the patient and complex to the doctor duthregy colonoscopy process, @ wireless
microrobots have been very necessary for early deagraf malignant tumor in gastrointestine
(GI). In this paper, a novel tele-operation systemictvhwould be used in the biomedical
application has been proposed, and the master dentamd slaver controller in the system had
been designed. We also designed a novel kind ofessemicrorobot with hybrid motion which
driven bythe different external magnetic field. The doctor coulceigpe the joystickfrom the
master side to control the wireless microrobot in stsle in real time. With the control algorithm
of 8-Steps rotation magnetic field, the slave contradlenld generate a more uniform rotation
magnetic field and avoided many problems that ogugiin traditional control method. Based on
some experiments, the performance between the telated controller and thevireless
microrobot with hybrid motion had been evaluatede Bxperimental results indicated that the
wireless microrobot with hybrid motion could compldteward-backward, upward-downward
motion easily with the similar kinematic characteristiand the available frequency band would
be widened with the control algorithm of 8-Stepsation magnetic field. Besides that, the
maximum velocity could be measured at 29.8 mm/s rdiéiz in the horizontal direction and
9.6 mm/s round 16 Hz in the vertical direction witlpuih current of 0.7 A. The tele-controller
showed a good performance in the experiments andutdabe widely used in medical clinic in
the future.

Research highlights

» A novel tele-operation system for the medical appbca have been proposed, and the
tele-operation controller in the system also have blesigned.

» A novel kind of wireless hybrid microrobot with grgwicompensation mechanism have been
designed.

» The control algorithm of 8-Steps rotation magnetadfihave been proposed to improve the
quality of rotation magnetic field.

» Some experiments have been taken to verify thébfégsof the 8-Steps control algorithm and
the tele-operation system.
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1.Introduction




Gastrointestinal tract driven by microrobot actively eispected in the diagnosis, treatment,
spraying, sampling and other medical engineeringlentMEMS (micro-electromechanical
systems) technology is combined with the medical tdogyoand application, which will play an
important role in the clinical application?. Wireless microrobots are employed in a wide range of
biomedical application. For example, they may be usednicrosurgery in blood vessels, which
is expected to become an increasingly widely adoptedical procedure in the near future. With
advances in precision processing technology, sewgsak of microrobots have been developed
for various applications and further progress in tieilsl is expected. They have many potential to
accomplish many medical procedures radically. Theranbbots are both safe and reliable, and
they can be carried deeply within the body of livirganisms to perform tasks

As the size limitation of the microrobot, the ackomtpart including the power source is difficult
to integrate into the microrobot. Therefore, severtiamon mechanisms have been developed
and used to propel the microrobot from a remote witéch are used for providing locomotion in
the pipe such as piezoelectric elemehtd air cylinders®, electrorheological fluid€, shape
memory alloys® °, electromagnetic motor¥’™ and globular magnetic actuator capable of
locomotion in a pipe by combination of mechanicalrailon and electromagnetic force *©
Honda developed a new kind of wireless swimmingotokith a tail fin which can swim in one
direction*’. Thereafter Mei Tao developed another kind of wirelessrorobot with desirable
experiment results by using a new kind of intelligent nedig material FMB®. Nokata developed
new rr;ggnetic rotational drive by use of magnetic degtievith specific gravity smaller than a
liquid .

As wireless drive to the microrobot is a key techaeigqumedical engineering applications, and a
magnetic microrobot which driven by the external magnégld demonstrates the wireless
operation. There is no battery, no controlling devimzired in the body of the microrobot.
Therefore, we will focus on the development of anted@sagnetic actuation (EMA) system that
uses an external magnetic field to produce the psapu forces. With the different kinds of
external magnetic field driven, there are many locomdimms had been proposed, for example,
the fish-like motion?°, paddle motiorf’, propeller-driven motiof3?, spiral motion?® and hybrid
motion?’. The team of Prof. Guo had studied on the wireleggpia microrobot that driven by the
external magnetic field many years, many kinds of matsot had been developed in recent year
as shown inFig. 1L This kind of the wireless microrobot driven was venjtable to human
surgery or drug delivery becausédda small size and could work in long tifie

(a) Fish-like mirorobot (b) Spray tymécrorobot

(c) Vibration type microrobot (d) Spiral typgcrorobot

Fig.1.
Several kinds of wireless microrobots.

The control system has been proposed to realizeeribegy supply by wireless and flexibility
movement. However, in the practical applications, ynproblems haveemerged such as the

limitation of the magnetic flux density, the low securitythie doctor and low practicability in the
clinical. So in this paper, we propose a novel tele-dgperaontrol systemand the tele-operation
controller has been designedsolve these problems we mentioned.




The structure of this papés as following: Firstly, we will propose the novel talperation
system, and then design the master controller ang slantrollerrespectivelyin the system.
Secondly, we will design the wireless microrobot wlitybrid motion and analyze the motion
mechanism of it. Thirdly, we will propose and desibe control algorithm for the system. Some
experiments and resulfigr the system performance evaluatimave been given in the fourth part.
And thefinal part of the paper presents our conclusion atuté work.

2.The Tele-operation System

2.1 Overview of the tele-operation system

A conceptual diagram of the tele-operation systeam shown irFig. 2 The system was divided
into two main parts, which are the master side andléve side.In the master sigehe doctor
could operate the Joysticks of the maser controlldr vidwing a monitor. The operating and state
information was acquired and transmitted from the stde. The slave controller would receive
the control signals from the master controller throtlgh wireless communicatioand then the
external magnetic field was adjusted to change theomaiate of microrobot in the intestinal
tract of patientThe information could be processed and integratedchwvias from the X-ray
detector,the microrobot andhe magnetic array sensor respectively. Then the informatiould
transmit to the master side through the Internet commiinricas the doctor’s reference. The
system made the doctors and patients separately, wioigld avoid the doctor working long time
in the X-ray radiation, so that the safety of surgeryld be improved.

s Wirel E )
. RRRTTRAT N  —

Master Slave
éoystitc.ks Controller Controller
peration
External magnetic field
[y N ] ri_\X-ray detector
A S -—

‘?}_ Mircrorobot

Image and
information

\ Internet ¥
- Communication - -
= Information processing

PC and integration

magnetic aIray Sensor =y

Fig.2.
The conceptual diagram of the tele-operation system.

2.2 Design of the master controller

In the system, the most significant pars the master controller and the slave controllee
main task of master controller was acquired and gesed the location information of doctor
operating joysticks, then sent control information e slave controller. The main task of the
slave controller was to receive the control informatfimm the master controller through the
wireless communication, then outputted the contraladigyto adjust the external magnetic field
and change the motion state of the microrobot by sedettite corresponding control algorithm.

The diagram of our designed master controller wasvatin theFig. 3 In the operating room, the
doctor could operate the Joysticks according to @wghe microrobot in the intestinal tract, then
location and status of the microrobot could be colettidby the master controller.
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Fig.3.
The block diagram of the master controller.

-
I

1
1
£ 5 =
Pover Sllpply:s Le—nRF 905 module T
‘ 1

r. 1
Al
2

Fig.4.
The real model of master controller.

The real model of the master controller had beemnvshio theFig. 4. In the master controller,
joystick 1 could adjust the motion statue of microtoimothe x-axis and y-axis, and joystick 2
could adjust the motion statue of microrobot in theig-arhe doctor could operate the joysticks
to adjust the motion status of the microrotbot in reaétiBy the acquisition and processing of AD
unit, the control information inputted the MCU of nexstontroller. Then the LED would display
the current motion status such as the velocity andrgalirection of the microrobot, and the nRF
905 module would transmit the control informatioritie slave controller.

2.3 Design of the slaver controller

The slave controller was placed in the operation raamd output was connected with the external
magnetic field model directly. It could call the coperding control algorithms by referring to
the control information which was transmitted from thestmacontroller.

The diagram of our designed slave controller wasvehim Fig.5. In the slave side, the current
control mode includinghe manual control mode and the tele-operationrebntodecould be
selected by doctor. Itele-operationcontrol mode, the nRF 905 module could receivetrobn
information which was transmitted from master controllad then inputted them into the MCU
of slave controllerlt could realize remote control in the real tinaed the furthest transmission
distance was about 500 m between the master sidinasthve side.

Another manual control mode could be used in sopeeial circumstances. For instance, the
system was failure, the patient needed a rest in thetigeror the location of lesions had been
found, the doctor needed to communicate the sickm#bgpatient, and then identified the lesions
further in the operation room by controlling the bo®f the slave controller.
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Fig.5.

The block diagram of the slave controller.

The real model of thelavecontroller had been shown in théy. 6. We could select theurrent
controlmodel by a button, the driving and control signalsciiflowing into the coils would be
outputted by relay groups. Then the LED would disglagrent motion status such as the velocity
and moving direction of the microrobot.

1
Power supply | le—1RF 905 module
1

i : Status display

b
Fig.6.
The real model of slave controller.

3. Motion mechanism of the microrobot with hybrid nmotion

3.1 Structure of the hybrid motion microrobot

The hybrid structure of microrobot consisted of twain partithe part of spiral structure and the
part of fish-like structure, which was shownrFiy. 7.

Part of fish-like motion

Fig7. 7
Structure of the wireless microrobot with hybrid oot

Many kinds of microrobots designed in the previouslstwere difficult to move in the vertical
direction, which was mainly due to the weight of the microrobd® considered the gravity




compensation mechanism to make the microrobot saffby the force close zero in the vertical
direction, when it was at re$tith the aided of 3D printing technology, the hyhbmétrorobot had
been design, and the gravity compensation methodd cbel used to make the microrobot
suspended in the pipe as followiffg

When we designed the structure of the hybrid microtothe volume of each part could be
obtained in many way#gccording tothe Archimedes Law, we could obtain the equatians a

Prix = Pliquid (1)
M, =m -m,
= PrixV; — M, @
= Piquia; =M,

where,prix is the mixed density of the hybrid microrobaiyq is the density of the liquid in the
pipe,m is the mass of each pamt, is the mass of appertaining in each part, suchaamet and
miniature bearingy; is the volume in each part we have obtailMéds the printing mass of each
part.

We could select the percentage of filler during tBe@inting processhen each mass of the
printing part could be calculate@/hen the each mass of the printing peasequal to the M
the pmix would be similar to thejiguid, SO the wireless microrobot could be suspendedeipihe
in theory which would improve the dynamic performance inubeical direction.

Spiral part [  Spiral part Il Link part |

]y e

u ? Fin

- j,*__f""
@l&&" %;;Z;wé T b T I;u\k part ]I

NMimiature bearing
Radial magnet -

Fig.8.
Assembly diagram of the proposed hybrid microrobot.

Axis of the pipe 9
Axial magnet

(Fin part)

Radial magnet
(Spiral part)

Fig.9.
Inner magnetic field in the hybrid microrobot.

Fig. 8 had shown the assembling process. We placpiéce of the radial magnet and the axial
magnetto generate inner magnetic field in the microrobotcWidirection was perpendicular to
each other as shown fig. 9. In this way, the spiral motion and fish-like motioautd be
controlled separately without any interference.

Compared with some microrobots designed in the pusvitudy, the novel kind of wireless
microrobot with hybrid motion had some advantage®kming:

1) the microrobot was controlled by the external nedig field wirelessly, which could improve
the safe in the detection process.

2) the microrobot designed to bionics as a startoigtpso it was suitable to the gastrointestinal
detection well, and the bionic prototype was flagella.

3) the motion forms that spiral motion and fish-lkmtion could be changed by adjusting the
external magnetic field.




4) the state of microrobot motion, which including thesdiion of motion and the velocity, could
be adjusted by external magnetic field in real time.

5) the application of gravity compensation mechanismalct improve the performance of
microrobot in the motion, especially in the verticakdtion.

We had designed two types of hybrid microrobot thilh ihe different spiral unit numbers, in
addition, they were also designed with the gravity pemsation mechanism by 3D printing
technology as shown #Rig. 1Q and the designed parameters were showralie 1 They would
be used for evaluating and comparing the performantteiexperiments part.

Fig.10.
Prototype of the proposed microrobots.

Table 1.
Specification of the microrobots.
Type A Type B
Size of the bod (mm) 90 110
Size of the spiral part (mm) 910 x 40 ®10 x 60

Size of the fin part (mm) 40 x 10 x 0.125
Spiral unit number 3 | 4

Size of radial magne (mm) D7.8 x04 x 4
Size of axial magne (mm) D2x 2
Size of miniature bearin¢ (mm) D5 x P2 x 1

3.2 External magnetic field model

In the external magnetic field model, there were twiespaf coils, which as shown ifig. 11 In
order to enhance the density of magnetic field, mbexided the magnetic cores. The specification
of each coil had been givenTable 2

Magnetic cores
(Each pole includes
7 pieces)

Support frames

Magnetic poles

011 I
(b) Exypental model

(a) Conceptual model

Fig.11.
Assembly diagram of the proposed hybrid microrobot.
Table 2.
Specification of each coil.
Coil M, Coil M,
Turns per coil (times) 150 150
Wire diameter (mm) 0.2 0.2
Length x Width x Height (mm) 210x 30 x 35 210 x 30 x 35
Resistance Q) 10.2 10.4
Size of magnetic core (mn P30 x 35 @30 x 35
Magnetic core (piece 7 7




Following the Biot-Savart Law, the relationship betweeanrttagnetic flux density H and current i
had been measurdy a gauss meter as shownFig. 12 and(3) of the curve could be fitted as
well.
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Fig.12.
Relationship between the magnetic flux density eurdent.

H (i) = 2.357x10° xi €)
3.3 Fish-like motion

The fish-like motion could be realized by the alterrtmagnetic field model. We just needed
input the control signal tany a pair otoils as shown ifrig. 13

Magnetic poles

Support frames
o Alternating

magnetic field

Magnetic cores getierated by

(Each pole mecludes ' A dingle pole
7 pieces)

Fig.13.
The alternating magnetic field model.

Ampere’s law related the circulation of B around aetbloop to the current flux through the loop
as following:

S i = _p o g Mol Py
§ Bl = §Bcosar —iﬁrdqp—z—;jo dg = (4)

where,B is the magnetic flux densityjs the length of the coit, is the radius of the cojly is the
permeability of vacuum, is the current in coil.

And the magnetic torque T acting on the permanent magrieé external magnetic field H was
given by:

T=MxH (5)
where,M is the magnetic moment of the permanent magnet.
3.4 Spiral motion

The spiral motion could be realized by the rotatmagnetic field model. We should input the




control signals to the two pairs of coils which had samplitude, but the phase difference of 90
degrees as shown kig. 14

Then the magnetic flux density generated by cqilavd M could be given by:
B, = B, sin at (6)
B, = B,,sin(at +90°) (7

In order to analyze the magnetic field convenierg,assumed B=B,=By. The rotation vector
directions of B and B were perpendicular to each other, so the abswehltee and the direction
of the magnetic field after the superposition @& tvo magnetic field vectors were:

B =./B? +BZ = /(B,sinat)? + (B, cosat)’ = B, 8)
tand = B,/ B, = tanat 9)

From the equatiofi8) and equatior(9), we could find the value of the synthesis magniicl
strength is a constant, and it was equal to theimar value B (or B,). Besides that, the
direction of B was along with the time changingipeically. So the synthesis vector B was a
rotation vector, and the angular velocity of ratativasw, which was a rotation magnetic field.

Plane of rotation

—
\A W magnetic field
il
xd I
PO ™
]
.

Magnetic poles

Support frames

Magnetic cores
(Each pole mcludes
7 pieces)

Fig.14.
The rotation magnetic field model.

The propulsive force and torque was provided bgtion magnetic field and could be changed as
(10) and(11) *":

T =4,VM xH =VM xB (10)
F=uV(Mm)xH =V(M m)xB (11)

where,V is the volume of the body, represents a gradient operator.

4. Control algorithm

4.1 Analysis of the external magnetic field motion

The motion mechanism of the microrobot was reldtethe external magnetic field model. We
could change the motion form of the wireless miebmt by adjusting the input current signals as
shown inFig. 15




Due to the spiral motion could not only obtain tmeximum driving force, but also was the
highest efficiency in a very small spasewe would focus on the study of this kind of motion.

When two input currents flowing into the coils,@ation magnetic field could be generated, and
the kinematic characteristic of microrobot was shawFig. 16 The permanent magnet would
rotate following the rotation magnetic field. Withe spiral structure, it could move forward. By
changing the order of two-phase input curretits, opposite direction of rotation magnetic field
could be obtained immediatelyhen the microrobot would obtain an opposite dioecof the
propelled forceand moved towards the opposite directibhe velocity of microrobot could be
controlled by adjusting the frequency of input emtrsignal<®.

Spiral motion Fish-like motion

Rotation magnetic field
—— Coil M,

I A
WA

Alternating magnetic field
! U

Fig.15.
Input current signals.

B

Rotation axes ¥

Rotation direction / ( Rotation direction

Backward motion Forward motion

Fig.16.
Kinematic characteristics of the proposed microrobot

4.2 Control algorithm of 8-Steps rotation magneticitld

In the tele-operation system, we utilized the retayput methodinstead of traditional power
amplifier chips. Due to the relay could just outggtiare wave signal, the rotation magnetic field
was not very uniform. So walso proposedhe control algorithm of 8-Steps rotation magnetic
field to improve the quality of rotation magnetielfl which was generated by the relay groups.

(a) Clockwise rotation (b) Counter Clockwiséat@mn

Fig.17.
8-Steps rotation plane.




The movement of the wireless microrobot was colgdoby a rotation plane which was shown in
the Fig. 17 We had chosen eight special vectors of the motgtlane in a circle, and then the
either direction of magnetic field vectors would designed and obtained by the relay groups. So
a more uniform rotation magnetic field could be grated.

Each relay group consisted of two pieces of rethgs could output four kinds of control signals,
which was shown in thEig. 18
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(a) Relay group

'O11|TO12 | OUT1 1 | OUT1 2| Output
0 0 1 1
0 1 1 0 +Vee
1 0 0 1 -Vee
1 1 0 0 0
(b) Truth table
Fig.18.

Function analysis of relay group.

The clockwise rotation could be obtained as showiTable 3,and the opposite direction of
rotation also could be obtained from the Stepto (D. By outputting the 1/O signals from
controller, a rotation magnetic field could be gaed.

Table 3
8-Steps rotation magnetic field.
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The control signals outputted by the relay groupsenshown in th&ig. 19

With this method and control algorithmany advantages could be concluded as following:

(a) the signals outputted by relay groups, whichuldaeduce the heat generated in the circuit
greatly.

(b) the quality of rotation magnetic field could iogroved by 8-Steps control algorithm.




(c) the bipolar drive signals could be outputtechhynipolar power, so the requirement and cost of
power supply would be reduced.

(d) the magnetic field intensity would be enhanagltich was due to we could use a high unipolar
power supply easily without considering the cirhetiting problem.

— Sine Signal_1
— Sine Signal 2
— 8-Steps_1
— 8-Steps_2

(a) Spiral motion

P O EE— i

— Sine Signal
— 8-Steps

m| ; | i j

(b) Fish-like motion

Fig.19.
Contrast control signals.

5. Experiments and results

In the detection process, the wireless microrohotisl complete basic motion in the pipe, such as
forward-backward motion and upward-downward motiBased on the theoretical analysis of the
designed microrobot in our previous study, we madeeral experiments to evaluate the
performance of the tele-operation system. The éxmertal system of was shown kig. 20and
Fig. 21, and the average velocity of the wireless microtobould be measured by a laser
displacement sensor (KEYENCE IL-108Ye used a tube to simulate the intestinal traa, the
properties and characteristics of pipeline werexshim theTable 4

External Magnetic Oscilloscope Function Gener > External Magnetic Oscilloscope
Field Model S Field Model |

\ B

Hybrid
Microrobot Pipe Amplifier Circuits
robot I Pipe | plife Cirui

. 5
i

Data Acquisition Card Laser Displacement Sensor Amplifier Circuits Data Acquisition Card Laser Displacement Sensor

(a) Horizontal direction (b) Vertical direction

Fig20.
Experimental system of traditional power amplifiaips.




! Power Supply

Master Controller

(a) Maser side

Horizontal Direction Vertical Direction

|;rernal Magnetic Field Modell I Pipe l Slave Controller ]

(b) Slave side

Fig.21.
Experimental system of tele-operation system.

Table 4.
Properties and characteristics of pipeline.

Material Glass
Size (mm D12 x 20
Coefficient of friction 0.7

5.1 Experiment on the performance evaluation

The experiments on the spiral motion, includingfidrevard-backward, upward-downward motion
had been taken. We carried out the experimentgdjusting frequency of the input currents from
0 Hz to 20 Hz in real time, and the amplitude gfuhcurrents was fixed at 0.7 A. The rotation
magnetic field generated by the sine wave signads & Steps square wave signals respectively,
the relationship between the velocity of the hyhmdtrorobot (Type A) and frequency of the
rotation magnetic field could be obtained as showtheFig. 22

& : : : : : i i H ; H H
: : | : : 5| = Upward (Sine signa) : et
0 : : i : : —e— Downward (Sine signal) H
—&— Forward (Sine signal) gl.| —— Upward @-Steps)
—e— Backward (Sine signal) / —e— Downward (8-Steps)
. 25----| —®— Forward (8-Steps) —_ 7
+ —e— Backward (8-Steps) ( 2 { \
& - £ s /
4 I g, £. L.l
2 s » Ll
<10 P <3 / l\ ‘\
2
. .8 L L)
v 4 l 1
D . ]
2 4 6 8 10 12 14 1 18 2 4 3 8 10 12 14 1 1 2
Frequency(Hz) Frequency(Hz)
(a) Horizontal direction (b) Vertical direction

Fig.22.
Experimental system of the spiral motion.

Viewing from the experimental results ifig. 22 it indicated that the microrobot with gravity
compensation owned the similar dynamic charactesish the movement, and could realize
forward-backward, upward-downward motion in thegpip The available frequency band with




the control algorithm of 8-Steps rotation magnéttd was much wider than the sine signals, and
the microrobotcould still keep movingt a high frequency band. In addition, we couldi fihe
velocity of the microrobot declined to zero at tlegion of high level frequency. It was because
when the applied magnetic field rotated faster tki@@ microrobot's step-out frequency (the
frequency requiring the entire available magnatigjtie to maintain synchronous rotation), the
velocity of the microrobot dramatically declined evhoperated above the step-out frequeticy
Based on the tele-operation system, the maximumcitgl of the wireless microrobot also had
been obtained at 29.8 mm/s round 18 Hz in the botat direction and 9.2 mm/s round 16 Hz in
the vertical direction with input current of 0.7 A.

According to our previous study, the fish-like nostijust could move towards a single direction.
By changing the input signals, the magnetic fielodel generated the alternating magnetic field,
and then the hybrid microrobot switched to the -fikh motion. We chosethe best design
parameters of the fin part as shownTable 1 which according to the results of previous study.
Then we carried out the experiments by changingfrigmuency of input currents from OHz to
30Hz, and the amplitude of input currents weredix 0.7A. The average velocity of hybrid
microrobot (Type A) had been obtained Fig. 23 The maximum velocity of the wireless
microrobot had been obtained at 9.6 mm/s round A&khe horizontal direction.

Comparing the experimental resultsHig. 22andFig. 23 we could conclude that spiral structure

could produce greater propulsion in the moving pss¢ so the dynamic characteristic of the spiral
motion was superior to the fish-like motion. Besilat, the fin part could reduce the shock of the
spiral part and made its movement more smoothly.

By the experimentgshe feasibility of the 8-Steps control algorittamd the tele-operation system
also had been verified, so it could replace the sine evaignals and power amplifier chips
effectively.
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) } \\ | 8-Steps
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Frequency(Hz)

Fig.23.
Experimental result of the fish-like motion.

5.2 Performance comparison experiment

We designedwo types of hybrid microrobot (Type A and Typed®) shown irFig. 10 whichonly
had the difference on spiral unit numb&he modeling analysis and performance evaluation o
spiral motion part had been discussed in the pusvitudy”. Based on the tele-operation system
was shown irFig. 21, the average velocity of the horizontal directaond vertical direction could
be obtained as shown kig. 24

From the experimental results, we could conclude Type A and Type B had the same dynamic
trend of movement. Due to Type B had more spirat nonmber, and itcould obtaingreater
driving force at the high frequency band, so withigher maximum velocity. However, the weight
of Type B was much heavier than TypeifAneeded a greater starting torque, so the ugladi
Type B was a little lower than Type A at the loveduency band. Moreover, when the hybrid
microrobot was in high-speed rotation motion, tlyed B would need more kinetic energy, so the
cutoff frequency of Type B was much lower than Ty¥pe
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Experimental result of the performance comparison.
5.3 Experiment on different amplitudes of input currerts

From (10) and (11), we could obtain the propulsive force and torquevided by the external
magnetic field was related with the amplitudesngut currents. So we made another experiment
to evaluate the effect between the dynamic perfoomand the amplitudes of input currents.

Based on the tele-operation system, we could changsitudes of input currents by adjusting the
power supply. Due to the external magnetic fielddelchad two coils, and the resistance of the
coils was very similar, so the input currents ccaddcalculated as:

.
leoit 1= ol 2 = ﬁ (12)
where,lcqil 1, lcoil_2 @re the currents’ amplitude flowing into the codd coil 2 |, is the currents’
amplitude outputted by the power supply.

We selected the currents’ amplitude outputted leyptbwer supply as 1A, 2A and 3A respectively,
then the currents’ amplitude flowing into the cbiand coil 2 could be calculated as 0.7A, 1.4A
and 2.1AThe experimental temperature was fixed the roonp&ature (about 20), and results
were shown irFig. 25
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From the experimental results, we could conclude the dynamic trend of movement with
different input currents’ amplitude was similardathe average velocity of the wireless microrobot
was much faster when the input currents’ amplitwds higher. However, the phenomenon of the
core heat was more obvious when amplitude of igputents was higher, so we should select a
suitable and applicable value of currents’ ampétirdthe actual operation.

5.4 Experiment in different liquids

In the process of clinical operation, the intedtiihad of eachggatient was different, so we made
an experiment on the performance evaluation oéukfit liquids™

Re was defined by the following equation:

Re:ﬁ :Lw (13)
v H

where,V is representative velocityg,is diameter of the pipe,is kinematic viscosity of the liquid,
p is density of the liquidy is viscosity of the liquid.

The propulsive force was the sum of the drag fareetors in the direction of movement as in
equation:

Fy, = %Cd (Re)oV2A (14)

where,Cy is drag coefficient based on wetted surface Areds the density of the liquid.

The parameter £Owas related to Re, the relationship between tharReG as shown ifmable 5

So Re was related to the density and viscositygofd in the experiment and it was a significant
parameterwhich would effect on the kinematic characterstid the microrobot in pipe. In this
experiment, weehosetwo kinds of liquids that distilled water and @il the experiment, and the
specification of each liquid was shown in Feble 6

Table 5.
Relationship between Re and.C
Re Cqy
Re<10° 20.4/Re
10<Re<10 0.40
Re>10° 0.10
Table 6.

Specification of each liquid.
Kind of liquid Viscosity p (PasS) Densityp (10°kg/m®) Temperature (°C)

Distilled water 1.005x10 1 20
Qil 0.95 0.935 20

Based on tele-operation system, the average welotcthe wireless microrobot (Type A) had been
measured, and the amplitude of input currents \wasl fat 0.7 A. The experimental result was
shown inFig. 26

From the experimental result, we could concludd the dynamic trend of movement in the
distilled water and oil was similar, and the averaglocity of the wireless microrobot in distilled
water was much faster than in the oil. It was beeathe viscosity of the oil was larger than
distilled water and thegfn (14) was much larger when the microrobot moving indte
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Experimental result of the motion in different lidu

In order to selecting velocity of the wireless robot in real time, we also fitted the curves of
the velocity in the horizontal and vertical directias shown iffrig. 27, and the fitting equations
could be obtained as shown (b5) - (18) So the velocity could be controlled by adjustthg
frequency of input currents accurately in the pcattpplication.

Voisited vater 1 = —0.016f ° +0.4356f 2 ~1.0715f +0.7938 (15)
Vo u =—0.0139f °+0.3896f > ~1.1948f +0.7268 (16)
Viisiled waie v = ~0.008f > +0.1997f ? ~ 0.6001f +0.2673 A7)
Vo v =—0.0064f ° +0.1672f * - 0.6080f +0.3228 (18)

where, Vpisilied water H, Vistilled water v are the velocity of horizontal and vertical difentin the
liquid of distilled waterVoi 1, Voii v are the velocity of horizontal and vertical difentin the
liquid of oil, and f is the frequency of input cents.
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Fitting curves of the velocity.

6. Conclusion and future work

In this paper, a novel tele-operation system ferrtiedical application had been proposed, and we
also designed the tele-operation controller insystem which was including the master controller
and slave controlleThen a novel kind of wireless microrobot with hybmotion also had been
designedWe had discussed design method and gravity comaiensmechanism of the hybrid
microrobot. By changing the input signals of magngeld model, the spiral motion and fish-like
motion could be switched immediately. In order engrate a more uniform rotation magnetic
field to control the motion of the wireless micrbod, we proposed the control algorithm of
8-Steps rotation magnetic field for the controller.




Based on some experiments, the feasibility of #8teps control algorithm and the tele-operation
system had been verified, so it could replace the wave signals and power amplifier chips
effectively. We also evaluated the performanceuidicly the microrobot with different spiral
number, the outputted signals with different anplés of input currents and the movement of
microrobot in different liquids. In addition, therves of the velocity in the horizontal and vertica
direction were also fitted well. The experimentsults could be concluded as following:

(1) The hybrid wireless microrobowith gravity compensation owned the similar dynamic
characteristics in the movement, aibctould realize forward-backward, upward-downward
motion in the pipe.

(2) The available frequency band with the control atgar of 8-Steps rotation magnetic field
was much wider than the sine signals, and the mubai could still keep movingt a high
frequency band.

(3) The dynamic characteristic of the spiral motion waperior to the fish-like motion. Beside
that, the fin part could reduce the shock of theaspart and made its movement more
smoothly.

(4) The wireless microrobot (Type B) with more spiraimmber could obtain a higher maximum
velocity than microrobot (Type A), but availableeduency bandwidth of the microrobot
(Type B) movement was a little smaller than micbwio(Type A).

(5) The average velocity of the wireless microrobot wasch faster when the input currents’
amplitude was higher.

(6) The average velocity of the wireless microrobadistilled water was much faster than in the
oil.

The experimental results showed a good performanceur designed tele-operation controller,
and it had many advantage. For example, the signdafsutted by relay groups could reduce the
heat generated in the circuit greatly, the qualityotation magnetic field could be improved by
8-Steps control algorithm, the requirement and obpbwer supply would be reduced, which was
because the bipolar drive signals could be outgutie a unipolar power, the magnetic field
intensity would be enhanced.

In the future, we will focus on optimal the teleepgtion system, including establish a more
flexible external magnetic field platform such he 8 axes Helmholtz coilend realize the more
DOFs movement in pipe. The tele-operation systernh the wireless microrobot with hybrid
motion would be widely used in medical clinic field
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