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Modeling and measurement of magnetic driving force in the capsule robot
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Abstract: The diagnosis and treatment effect of the swallowing wireless magnetic capsule robot in gastrointestinal tract is closely related to
the external magnetic driving force of the robot. In this article, the theoretical model of external magnetic driving force is formulated. The
mathematical expression of the interaction between two diametrical magnetizing ring permanent magnets is deduced which is based on the
equivalent magnetic charge method. The numerical calculation is carried out by the adaptive recursive calculation method. In addition, a
real-time measurement method of magnetic force between ring permanent magnets is developed, a magnetic-spacing synchronous
measurement instrument is developed to carry out experimental research, and a finite element simulation model of 3D ring permanent
magnets is formulated. The experimental measurement of the magnetic-spacing relationship is in good agreement with the theoretical
calculation and finite element simulation results. The error is less than 4% , which verifies the accuracy and reliability of the theoretical
model and the finite element simulation model. The influence of length, thickness and volume of embedded permanent magnet in the
capsule robot on magnetic force is revealed by parameter analysis. The results provide a theoretical foundation for precise driving of
capsule robot in gastrointestinal tract.
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Fig. 1 Magnetic drive system of the capsule robot
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Fig.2 Geometric model of two ring permanent magnets
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Fig.3  Geometric model of two cylindrical permanent magnets
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Table 1 Parameters of ring permanent magnets
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the capsule robot of different length (rr=3 mm)
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Fig.9 The magnetic force of the permanent magnet inside the

capsule robot with different inner ring radius (rr=3 mm)
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Table 2 Geometric parameters of capsule robot

permanent magnet Il m
Hes sk a1 IR T SRS
., 7] N
itk 1 R, R,, h,  HBIER
Size 1 0.010 0. 005 0.015 5/6
R,=0.012
Size 2 0. 008 0. 004 0.012 4/6
R,,=0.006
Size 3 0. 006 0. 003 0. 009 3/6
h;=0.018
Size 4 0. 004 0. 002 0. 006 2/6
5 % i

AR SCEF R 8 48 B e N 9K AL B v ) T ) AT
JE T PRI AT | S I A AT R T 05 B, BE R A AT T
S RRN E S BROTEE L O AR W) & B, B
ZEEr .

1) AR B e N DK S LEE, OF i 17 3K Sl i 1A 5
SR VR R A 5 B T S 8 Ay T A S 1 A 1) SRR
REFNFRIE KRR B0 1 0 153 B A | IR 1 3 7 3
VA PRt 3 807 e i D e R M i T g T4
{[ERZ NN

2) K T ISR RER R G I Tk TR T 2l
T s SRR 2 ) A0 0 B PR R R AR TR B X 7



260 oo E ¥

{4 F43 %

o) F1 SR A AR 5 & HA W | sl e S A
A1, BT 22 vt 45 7 B2 2, 76 Maxwell 4 prgdt sz AL
T A BRIy AR

3) Jd i He SR AN BROTELAL AT 15 2 T RE )kl
[ENER G S INE| B3 Sk E Y ik <3 RS DN
PRHES T IR i 22080, SR A8 s/ 81 0, AT
BERITFRE TSR 4878 T RN &8 AN B3RP RE R
KHE | JEERE LA B AR 1 B s e KL

4) AR SCHENT B G TR B AR a] DUR T s 5
A2 o) FERE AT AK R 6] R G 0 R, BT e 3808 kG
SR AT BROT T BB AT T 20 A 2 2% K G AR 2% 23 1)
WA o AT RHE A AR, DFFE S R0 e e ML s A
KRG A SRS, O RE IR L AS A AE H il A
FRPR I A S A PR A

S 3k
[ 1] IDDAN, G, MERON G, GLUKHOVSKY A, et al.
Wireless capsule endoscopy [ J ]. Nature, 2000,

405(6785) : 417.
MAPARA S S, PATRAVALE V B. Medical capsule

robots: A renaissance for diagnostics, drug delivery and

(2]

surgical treatment [ J]. Journal of Controlled Release,
2017, 261 337-351.

BEE, TEf, . B BRI AL & BR
FE[J]. b 22l R 5 5 4k, 2018, 52 (10):
1404-1409.

YAN G ZH, KUANG SH, WANG W. Progress in
noninvasive diagnosis of gastrointestinal diseases [ J].
Journal of Shanghai Jiaotong University, 2018, 52(10) .
1403-1409.

GAO M Y, HU CH ZH, CHEN ZH ZH, et al. Design

and fabrication of a magnetic propulsion system for self-

(3]

[4]

propelled capsule endoscope[ J]. IEEE Transactions on
Bio-medical Engineering, 2010, 57(12) . 2891-2902.
[5] KIMB, LEEM G, LEE Y P, et al. An earthworm-like
micro robot using shape memory alloy actuator [ J ].
Sensors and Actuators A; Physical, 2006, 125 (2):
429-437.
SWAIN P, TOOR A, VOLKE F, et al. Remote magnetic

manipulation of a wireless capsule endoscope in the

[6]

esophagus and stomach of humans ( with videos) [ J].
Gastrointestinal Endoscopy, 2010, 71(7) : 1290-1293.
fal/hNa, Mg, /e IREEN BB LA AN
Tk T]. Hlaw A, 2005(4) : 367-372.

JIAN X Y, MEI T, WANG X H. External magnetic field
Robot,

(7]

drive method of capsule endoscopic robot [ J].
2005(4) : 367-372.

(8] JRUb, BIEIE, TR, % JOZk % N B BuH i 4%

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

Wkl a5t Bt S T[], AR GRS, 2019,
40(11) :55-63.

KUANG SH, YAN G ZH, WANG ZH W, et al. Design
of novel structure and analysis method for receiving coil of
wireless capsule endoscopy [ J]. Chinese Journal of
Scientific Instrument, 2019, 40(11) :55-63.

SR, APSCHE, EER, AF T E B E L
ANBHAIRAA TR R LS R G TE[T]. (X ae
10324, 2021,42(2) :114-122.

JIANG P P, FU W H, WANG ZH W, et al. Research
on combined solenoid wireless power transmitting system

for gastrointestinal micro-robot [ J]. Chinese Journal of

Scientific Instrument, 2021,42(2) :114-122.

DI N C, BECCANI M, SIMAAN N, et al. Jacobian-
based iterative method for magnetic localization in robotic
capsule endoscopy[ J]. TEEE Transactions on Robotics ;
A Publication of the IEEE Robotics and Automation
Society, 2016, 32(2) . 327-338.

SHETYE S B, AGASHE J S, ARNOLD D P.
Investigation of microscale magnetic forces for magnet
self-assembly [ J ].
Magnetics, 2007, 43(6) . 2713-2715.

KIM S H, SHIN K S, HASHI S, et al. A pushing force
mechanism of magnetic spiral-type machine for wireless
medical-robots in therapy and diagnosis [ J ]. IEEE
Transactions on Magnetics, 2013, 49(7) . 3488-3491.
JANSEN J W, VAN LIEROP C M M, LOMONOVA E A,
et al. Tronless magnetically levitated planar actuator[ J].
Journal of Applied Physics, 2008, 103(7) ; 554-556.
AKOUN G, YONNET J P. 3D analytical calculation of

array IEEE  Transactions on

the forces exerted between two cuboidal magnets [ J ].
IEEE Transactions 1984, 20 (5):
1962-1964.

B, WERE, WA R E M 1t
SRR [ )], TR PR 2 B 24, 1995(3) -
359-363.

XIU SH CH, TAN Q CH, MENG H Q. Equivalent

magnetic charge method for calculating the magnetic force

on Magnetics,

of coaxial ring magnet[ J] Journal of Shenyang Institute of
Gold Technlogy, 1995(3) . 359-363.

ALLAG H, YONNET J P, FASSENET M. 3D analytical
calculation of interactions between perpendicularly
magnetized magnets—application to any magnetization
direction[ J]. Sensor Letters, 2009, 7(3) : 486-491.

LI J, BARJUEI E S, CIUTI G, et al. Magnetically-
driven medical robots: An analytical magnetic model for
endoscopic capsules design [ J]. Journal of Magnetism

and Magnetic Materials, 2018, 452, 278-287.



%1

RG] A ARG AR GK ) ) A I A 261

[18]

[19]

[20]

[21]

[22]

[23]

[24]

QU C, PEI'Y CH, LI ZH X. A study on magnetic force

characteristics ~ between  two  cuboidal  permanent
magnets[ J]. Journal of Superconductivity and Novel
Magnetism, 2021, 34(9) . 2441-2454.

YE B, ZHANG W, SUN Z J, et al. Study on a magnetic
spiral-type wireless capsule endoscope controlled by
rotational external permanent magnet [ J ]. Journal of
Magnetism and Magnetic Materials, 2015, 395.
316-323.

FEW, B, WIETT, . RS NI 1Y
AL R[] AR R SR, 2020, 41(9):
216-223.

GUO ZH M, LIANG L, PENG ZH Q, et al. Modeling
and measurement of magnetic field driven by capsule

robot [ J].
2020, 41(9) ; 216-223.

Chinese Journal of Scientific Instrument,

GONZALEZ M 1. Forces between permanent magnets:
Experiments and model [ J ]. FEuropean Journal of
Physics, 2016, 38(2) : 025202.

TANG P H, LIANG L, GUO ZH M, et al. Orthogonal
optimal design of multiple parameters of a magnetically
controlled capsule robot [ J ]. Micromachines, 2021,
12(7) :802.

FURLANI E P. Permanent magnet and electromechanical
devices; Materials, analysis, and applications [ M ].
Academic Press, 2001 . 97-205.

ZHANG Y Y, LENG Y G, ZHANG H, et al.
Comparative study on equivalent models calculating
magnetic force between permanent magnets[ J]. Journal

of Intelligent Manufacturing and Special Equipment,
2020, 1(1): 43-65.

[25] FoKE, G, EAE. —MEREMS 3G N3
HARE B Ik (1], BREEoR 5 TR, 2021,
21(7) : 2595-2601.

PEI Y CH, GUAN J H, WANG J W. An adaptive

recursive fast method for arbitrary multiple integral [ J].

Science Technology and Engineering, 2021, 21 (7).
2595-2601.

fEEE N

FEM, 2010 4R F BT T AE B Ak
b2, 2018 AR T RHRSAPATAN - e+
ESVARL S RN 2 PSSR L e
SEBEVRI BF 5 T5 1) S 52 5 [ 44 Ty o
TR FARBLER A
E-mail ; zmguo@ ccsu. edu. cn
Guo Zhiming received his B.Sc. degree from Xiamen
University of Technology in 2010, and received his M. Se. and
Ph. D. degree both from Tianjin University in 2018. He was a
joint Ph. D. student at the University of Queensland in Australia.
He is currently a lecturer at Changsha University. His main

research interests include experimental solid mechanics,

measuring technology and soft robot.
Rz (WAFEE) 2000 4F T3 BT 2%

BE AR A-2A 0, 2003 4F T W VLR 2 AR A
20, 2012 A F AR R S A RAT I A5 Ao
Kb 2B 2, 255 0] R BT R
Plas NS REfEH]
E-mail; liang@ ccsu. edu. cn

Liang Liang ( Corresponding author) received his B. Sc.
degree from Luoyang Institute of Technology in 2000, received
his M. Sc. degree from Zhejiang University in 2003, and received
his Ph. D. degree from Central South University in 2012. He is
currently a professor at Changsha University. His main research

interests include medical micro-robot and intelligent control.



