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A Compensation Method for Magnetic
Localization on Capsule Robot

in Medical Application
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Jian Guo, and Shuxiang Guo , Fellow, IEEE

Abstract—Aiming at the magnetic positioning accuracy
of capsule robot and the magnetic coupling between cap-
sule robot and external driving magnetic field, according to
the requirements of capsule robot for position and attitude
information, a magnetic positioning compensation method
of capsule robot based on magnetic driving system is pro-
posed. This method deduces the error formula according to
the magnetic dipole model, optimizes the formula, reduces
the number of unknowns, optimizes the calculation process
and improves the positioning accuracy. At the same time,
a compensation is added to solve the magnetic coupling prob-
lem between the external driving magnetic field three-axis
Helmholtz coil and the capsule robot. Finally, several groups
of experiments verify the effectiveness of the algorithm.

Index Terms— Capsule robot, compensation algorithm, magnetic localization.

I. INTRODUCTION

NOWADAYS, with the continuous progress of science
and technology, compared with the traditional

electronic endoscope, painless and noninvasive capsule
robot detection has become the first choice for gastrointestinal
examination [1]–[3]. When the capsule robot is used for
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gastrointestinal examination, doctors need to quickly find
the location of lesions for diagnosis and treatment through
the accurate positioning of the capsule robot in the human
body [4]–[6]. At present, magnetic positioning technology
has been widely used in the positioning of capsule robots.
Magnetic positioning can improve the positioning accuracy
of the robot and is conducive to medical diagnosis and
treatment. In this technology, the magnetic induction intensity
of the permanent magnet in the capsule robot is measured by
the magnetic sensor to determine the position of the capsule
robot in real-time [7]–[10]. However, the positioning of the
capsule robot will be affected by gastrointestinal peristalsis
and external driving equipment. Therefore, how to realize
the accurate positioning of capsule robots in the human
gastrointestinal tract has become a research topic. In order
to solve this problem, many researchers have done much
research on the magnetic positioning model and algorithm
of capsule robots [11]–[14]. Liao Ying et al. proposed an
external magnetic field positioning system based on Hall effect
sensors array [15]. The system uses a sensor array to measure
the magnetic induction intensity of permanent magnet and
then uses the Levinberg-Maguilt algorithm to calculate the
motion position and direction of capsule robot in vivo. The
experimental results show that the positioning accuracy of
this method is millimeter scale, which can meet the needs
of practical application. Hu et al. proposed a compensation
method for magnetic localization on the capsule endoscope
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about the interference of body movement [16]. Two mutually
perpendicular magnets are fixed as the reference target on
the human body surface in this method. A specific algorithm
compensates for the interference caused by the human body
movement to reduce the interference of the human body to
the final positioning result of the capsule robot. However,
in the complex human environment, the positioning effect
of the capsule robot is not ideal. Wang Min et al. proposed
an algorithm combining absolute positioning and relative
positioning [17]. The established sensor array measures
the absolute position of the capsule robot, and then the
Bessel curve fitting method is used. By calculating the actual
movement distance caused by gastrointestinal peristalsis,
the positioning of the capsule robot in a complex human
environment is realized. Aiming at the problem of positioning
accuracy, Ren Yupeng proposed a wireless capsule endoscope
positioning technology based on a magnetic sensor array [18].
This technology is based on the analysis of the magnetic
field distribution of the magnet, aiming at the problem that
the magnetic dipole near field generation is not applicable,
to propose a modified model to improve the accuracy. Niu
proposed a capsule endoscope positioning technology based on
magnetic induction [19], The positioning technology is based
on the new multi magnetic dipole model and the particle filter
magnetic positioning algorithm. It overcomes the problems of
low model accuracy and small positioning range. However,
the above studies do not consider the influence of magnetic
coupling on the magnetic positioning accuracy of capsule
robot, and the positioning accuracy needs to be improved. Our
team’s previous research on various driving systems, structures
and motion characteristics of capsule robots, proposes a
magnetic positioning compensation algorithm for capsule
robots [20]–[22]. The compensation algorithm deduces the
error fitting formula by establishing the magnetic dipole model
and uses the least square method to fit the error of the actual
position of the capsule robot in the human body. A new com-
pensation position is obtained through the digital operation of
the initial position to make it closer to the expected value. The
algorithm solves the magnetic coupling problem and reduces
the six variables in the original magnetic dipole model formula
to three. In order to improve the positioning accuracy of the
decoupled capsule robot, compensation is added to the mag-
netic positioning algorithm. The experimental results show that
the algorithm effectively solves the magnetic coupling problem
between the capsule robot and the external driving magnetic
field, and improves the positioning accuracy of the robot.

II. MAGNETIC LOCALIZATION ALGORITHM

A. Magnetic Dipole Model
The magnetic dipole model is a physical model established

by analogy with the electric dipole model. Because the magnet

Fig. 1. Magnetic dipole model.

Fig. 2. Schematic diagram of capsule robot localization.

in the capsule robot is tiny relative to the positioning system,
that is, the radius of the permanent magnet in the capsule
robot is much smaller than the distance from the sensor array
to the permanent magnet so that the permanent magnet can
be regarded as a magnetic dipole [23], and its mathematical
model is shown in Fig. 1.

As shown in the coordinate system of Fig. 1, (a, b, c)
represents the center of the permanent magnet, and (x , y, z)
represents the coordinates of the sensor. H0 = (n, p, q) is the
vector of the magnetic field direction of the permanent magnet,
and n2 + p2 +q2 = 1. Based on this model, the magnetic
induction intensity of the permanent magnet measured by the
sensor is B = (Bx , By , Bz), as shown in equation (1), as shown
at the bottom of the page.

According to equation (1), six unknowns need to be solved
in the whole positioning process, and the solution process is
complex.

B. Compensation Method of Magnetic Positioning
A three-axis Helmholtz coil drives the motion of the cap-

sule robot. The simplified model of the magnetic positioning
system is shown in Fig 2 [24]. Bs = (Bsx , Bsy , Bsz) is the
magnetic field strength measured by the sensor, Bm = (Bmx ,
Bmy , Bmz) is the magnetic field strength of the energized

⎡
⎣ Bx

By

Bz

⎤
⎦ = μ0

4πr5

⎡
⎣ 3[n(x − a) + p(y − b) + q(z − c)](x − a) − nr2

3[n(x − a) + p(y − b) + q(z − c)](y − b) − pr2

3[n(x − a) + q(y − b) + q(z − c)](z − c) − qr2

⎤
⎦ (1)
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triaxial Helmholtz coil, and Br = (Brx , Bry , Brz) is the
magnetic field strength of the embedded permanent magnet
in the capsule robot. The relationship between the three is
shown in equation (2):

Bs = Br + Bm (2)

In this paper, the magnetic positioning system is applied
6 × 6. The magnetic induction intensity is measured on the
sensor array platform, and the average values of Bs is obtained
from equation (3):

Bs =
6∑

i=1

6∑
j=1

Bs i j

36
(3)

On this basis, in order to decouple the magnetic coupling
between the driving magnetic field and the permanent magnet
in the capsule robot, an improved algorithm is proposed,
as shown in equation (4):

Bsx −Bmx = μ0

4π
{3[n(x − a)+ p(y − b)+q(z − c)](x − a)

r5

− n

r3 }

Bsy − Bmy = μ0

4π
{3[n(x − a)+ p(y − b)+q(z − c)](y − b)

r5

− p

r3 }

Bsz − Bmz = μ0

4π
{3[n(x − a)+ p(y − b)+q(z − c)](z − c)

r5

− q

r3 } (4)

The direction of the magnetic dipole moment of the capsule
robot driven by a three-axis Helmholtz coil is known. Assum-
ing that the capsule robot moves along the positive direction
of the z-axis of the sensor, the magnetic dipole moment of the
capsule robot is (0,0, m). Equation (5) can be derived [25].

μ0

4πr5

⎡
⎣ 3zx

3zy
3z2 − r2

⎤
⎦ −

⎡
⎣ Bx − Bmx

By − Bmy

Bz − Bmz

⎤
⎦ = 0 (5)

When the Angle θ between the vector r and the positive
direction of the Z axis is 0, equation (6) can be derived from
equation (5).

|μ|
r3

[
3cos2θ − 1
|3sinθcosθ |

]
−

[
Bsz − Bmz√

(Bsx − Bmx)2+(Bsy − Bmy)2

]
=0

(6)

where:
|μ| = μ0m

4π

By substituting cos2θ and sin2θ into equation (6), we can
get equation (7), as shown at the bottom of the page.

The relationship between magnetic sensor position and
magnetic flux density is shown in equation (8).

⎡
⎣ x

y
z

⎤
⎦ = |10−7m| 1

3 t
4
3√

3

⎡
⎢⎢⎢⎢⎢⎣

(Bsx − Bmx)√
t (Bsz − Bmz) + 1
(Bsy − Bmy)√

t (Bsz − Bmz) + 1

t
1
4
√

t (Bsz − Bmz) + 1

⎤
⎥⎥⎥⎥⎥⎦ (8)

where t , as shown at the bottom of the page.
According to equation (8), the number of equation

unknowns is reduced from 6 to 3, and the coordinates
(x , y, z) of the capsule robot have the same coefficients
and are only related to the longitudinal component m of the
magnetic dipole moment [26]. When the specific coordinate
origin is unknown, this paper adopts a relative positioning
method to calculate the positioning error of the robot. The
specific contents are as follows.

In the spatial coordinate system, take any point W1(x1,
y1, z1) as the datum point, and the coordinates of other
points are W2(x2, y2, z2), W3(x3, y3, z3) . . . Wn (xn , yn , zn).
The distance between W1 and any point Wi (1 < i < n +
1) is l mm. The distances between the two points in the
x-axis, y-axis and z-axis directions are l0, l1, l2 (i.e., l2 =
l2
0 + l2

1 + l2
2). The measured magnetic induction intensities

of the two points are B1 and Bi respectively. According to
equation (8), equations (9) can be obtained:

⎡
⎣ xi

yi

zi

⎤
⎦ −

⎡
⎣ x1

y1
z1

⎤
⎦

=
⎡
⎣ l0

l1
l2

⎤
⎦

⎡
⎢⎢⎢⎢⎢⎣

xi

x1
yi

y1
zi

z1

⎤
⎥⎥⎥⎥⎥⎦

r3 = |μ| × {
Bsz − Bmz +

√
9(Bsz − Bmz)2 + 8[(Bsx − Bmx)2 + (Bsy − Bmy)2]

2[(Bsz − Bmz)2 + (Bsx − Bmx )2 + (Bsy − Bmy)2] } (7)

t =
Bsz − Bmz +

√
9(Bsz − Bmz)2 + 8[(Bsx − Bmx)2 + (Bsy − Bmy)2]

2[(Bsz − Bmz)2 + (Bsx − Bmx)2 + (Bsy − Bmy)2]
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=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

t
4
3

i (Bsxi − Bmxi )

t
4
3

1 (Bsx1 − Bmx1)

√
t1(Bsz1 − Bmz1) + 1√
ti (Bszi − Bmzi ) + 1

t
4
3

i (Bsyi −Bmyi )

t
4
3

1 (Bsy1−Bmy1 )

√
t1(Bsz1 − Bmz1) + 1√
ti (Bszi − Bmzi ) + 1√

t1(Bszi − Bmzi ) + 1√
ti (Bsz1 − Bmz1) + 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(9)

If the coordinate W ′
i (x ′

i , y ′
i , z′

i ) obtained from equation (9)
and the distance between point a and reference point W1 is l ′,
the positioning error is shown in equation (10):

Ebef orecompensat ion = |l ′ − l| (10)

In the practical application of magnetic positioning, the
motion of the capsule robot is affected by magnetic coupling,
and the positioning accuracy decreases. Therefore, a compen-
sation algorithm is needed to improve the positioning accuracy
of the decoupled capsule robot. On the premise of many
experiments, the method adopted in this paper is to fit the
positioning error of each point obtained in equation (9) with
the least square method. The actual position coordinates of the
robot (relative to the selected datum point) are substituted into
the fitting formula of the least square method in the three-axis
direction. The fair value is used as the error compensation
value of the calculation result of the positioning equation (8).
The positioning errors of other points can also be obtained by
this method. Thus, the magnetic positioning error compensa-
tion formula of the capsule robot can be obtained, as shown
in equation (11):

⎡
⎣ x ′′

y ′′
z′′

⎤
⎦ = |10−7m| 1

3 t
4
3√

3

⎡
⎢⎢⎢⎢⎢⎢⎣

(Bsx − Bmx )√
t (Bsz − Bmz) + 1

(Bsy − Bmy)√
t (Bsz − Bmz) + 1

t
1
4
√

t (Bsz − Bmz) + 1

⎤
⎥⎥⎥⎥⎥⎥⎦

+
⎡
⎣ xcompensat ion

ycompensat ion

zcompensat ion

⎤
⎦ (11)

The coordinate of W ′
i (x ′

i , y ′
i , z′

i ) after the algorithm com-
pensation becomes W ′′

i (x ′
i+cmp, y ′

i+cmp, z′
i+cmp), let the

distance between the two points is l ′′, then the localization
error of the robot after error compensation is shown in
equation (12):

Ea f tercompensat ion = |l ′′ − l| (12)

The compensation algorithm adds a compensation amount
based on the magnetic positioning algorithm. The subse-
quent positioning experiments show that the localization error
Ea f tercompensat ion is much smaller than before compensation
Ebef orecompensat ion. Improve the magnetic positioning accu-
racy of the coupled capsule robot.

In summary, the specific steps of the magnetic localization
algorithm proposed in this article are as follows:

(1) Pick a reference point;

Fig. 3. Experimental platform.

(2) Measure the magnetic induction intensity of the selected
localization coordinate points and reference points through the
magnetic sensor array;

(3) Preliminarily calculate the localization error according
to equation (8)-(9);

(4) Use the least square method to fit the error fitting
curve of the selected coordinate points, and obtain the fitting
equation;

(5) Substitute the actual coordinate point coordinates of the
robot into the error compensation value of the fitting equation
in step (4) to the magnetic localization algorithm;

(6) Substitute the error compensation value in step (5) into
equation (8) to obtain the magnetic localization error compen-
sation equation (12), and then use equation (12) to obtain the
localization error of the robot after error compensation;

By comparing the errors in step (3) and step (6), it is verified
by subsequent experiments that the positioning accuracy of the
capsule robot is improved after error compensation.

III. EXPERIMENTAL PLATFORM

The experimental platform is shown in Fig. 3, 6 × 6
Honeywell hmc5883 magnetic sensor array to measure the
magnetic induction of capsule robot [27], [28]. The 36 mag-
netic sensors are connected through the built-in wires on the
PCB and powered by the voltage module. The upper computer
program is used to control the on-off of the relay and control
each sensor’s working state. The capsule robot is placed in a
three-axis Helmholtz coil, and the external magnetic field of
the capsule robot is controlled by changing the current of the
input coil to measure the positioning of the capsule robot in
different positions.

IV. LOCALIZATION EXPERIMENTS

A. Electromagnetics Simulation
The electromagnetic simulation software is used to establish

a 1:1 three-dimensional model of the three-axis Helmholtz
coil of the experimental platform. A permanent magnet is
placed in the center of the magnetic field along the radial
magnetization direction of the x-axis to provide a 1A current
for the coaxial coil in the positive direction. By collecting
the value of magnetic induction intensity, the capsule robot is
positioned. The cloud diagram of magnetic induction intensity
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Fig. 4. Magnetic induction nephogram.

Fig. 5. x-axis localization error before compensation.

of permanent magnet in rotating magnetic field is shown in
Fig. 4 [29].

B. Capsule Robot Localization Experiment Without
Driving Magnetic Field

The robot is placed on the eight points respectively. The
magnetic field strength of robot position is measured with step
each 10mm. The y-axis and z-axis coordinates of the robot
remains unchanged. The computer calculates the positioning
error of the robot at each point through the corresponding
algorithm equation. The error curve is shown in Fig. 5.

With the increase of the actual position distance of the
capsule robot, the positioning error also increases, and
the positioning accuracy is relatively low. In order to reduce

the influence of external factors on the positioning accuracy of
capsule robots, the least square method is proposed to fit the
positioning error curve of capsule robots in three-dimensional
space, as shown in Fig. 6. The red, blue, green, and black
lines represent the original error curve and the least-squares
method’s first, second, and third fitting error curve. The
equation of x-axis, y-axis and z-axis error fitting curve is
shown in formula (13):⎧⎪⎨

⎪⎩
E(x1) = 0.1907x − 1.082

E(x2) = 0.0006x2 + 0.1422x − 0.5163

E(x3) = −5 × 10−5x3 + 0.0065x2 − 0.04x + 0.32⎧⎪⎨
⎪⎩

E(y1) = 0.1388y − 0.2164

E(y2) = 0.0003y2 + 0.1131y − 0.49

E(y3) = 9.983 × 10−5y3 − 0.0117y2 + 0.47y − 1.2⎧⎪⎨
⎪⎩

E(z1) = 0.1273z − 0.1

E(z2) = 0.0002z2 + 0.1131z + 0.07

E(z3) = −2.6 × 10−6z3 + 0.0005z2 + 0.1z + 0.11

(13)

In equation (13), (E (x1), E (x2), E (x3)), (E (y1), E (y2),
E (y3)), (E (z1), E (z2), E (z3)) represent the error curve
equations after the first, second and third fitting of x-axis,
y-axis and z-axis least-squares method respectively, and x , y
and z represent the coordinate points initially selected by the
capsule robot [30], [31].

C. Capsule Robot Localization Experiment With Driving
Magnetic Field

When the capsule robot carries out the positioning exper-
iment on the three-axis Helmholtz coil, it also needs to
determine the coordinates of any two directions in space.
In other directions, nine coordinate points of 0mm, 10mm,
20mm, 30mm, 40mm, 50mm, 60mm, 70mm, 80mm and 90mm
are selected for error calculation. The error curve of capsule
robot position coordinates before and after least square fitting
is shown in Fig. 7. The red, blue, green, and black lines
represent the original error curve and the least square method’s
first, second and third fitting error curve, respectively. It can
be seen that after the algorithm compensation, the positioning
accuracy of the capsule robot in the coil is improved. The error
fitting curve equations of x-axis, y-axis and z-axis are shown
in equation (14):⎧⎪⎨

⎪⎩
E(x1) = 0.1x − 1.78

E(y1) = 0.14y + 2.73

E(z1) = 0.17z − 1.66⎧⎪⎨
⎪⎩

E(x2) = −0.0012x2 + 0.206x + 0.7252

E(y2) = −0.0008y2 + 0.19y + 1.462

E(z2) = 0.001z2 + 0.06z + 0.4388⎧⎪⎨
⎪⎩

E(x3) = 10−6x3 − 0.01x2 + 0.6x − 0.85

E(y3) = 4.41 × 10−5y3 − 0.07y2 + 0.4y + 0.35

E(z3) = −1.4 × 10−5z3 + 0.003z2 − 0.01z + 0.8

(14)

In order to better simulate the human intestinal environment,
several groups of path experiments were designed in the
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Fig. 6. (a) Comparison curve of localization error before and after x-axis least square fitting; (b) Comparison curve of localization error before and
after y-axis least square fitting; (c) Comparison curve of localization error before and after z-axis least square fitting.

Fig. 7. (a) Comparison curve of localization error before and after x-axis least square fitting; (b) Comparison curve of localization error before and
after y-axis least square fitting; (c) Comparison curve of localization error before and after z-axis least square fitting.

three-axis Helmholtz coil. The first group of path experiments
is to simulate the broken line path. Firstly, we keep the x-axis
coordinate of the capsule robot unchanged and place the robot
in the coil along the z-axis, 150 mm away from the sensor.
When the robot moves along the y-z plane, the positioning
image of the capsule robot before and after compensation by
the algorithm is shown in Fig. 8.

The red and blue curves in Fig. 8 represent the desired
position of the capsule robot and the position compensated
by the algorithm after measurement, respectively. Through
comparison, we can see that the positioning effect of
the capsule robot is better after algorithm compensation.
The specific positioning parameters of the path are shown
in Table I.

According to Table I, the localization accuracy of the
compensated capsule robot is 2.29mm, which means that the
localization accuracy of the algorithm is relatively good.

When the trajectory of the capsule robot is square, the
localization image is shown in Fig. 9.

In Fig. 9, the red curve represents the desired position of the
capsule robot, and the blue curve represents the position of the
capsule robot after algorithm compensation. The positioning
parameters are shown in Table II.

According to the calculation in Table II, the localization
accuracy of the capsule robot after compensation is 1.80mm.

D. The Influence of Magnetic Coupling on Localization
Accuracy

In order to verify the accuracy of the compensation algo-
rithm, a set of comparative experiments are carried out in

TABLE I
POSITION PARAMETERS OF BROKEN LINE PATH INSIDE COIL

(l =
√

(Xbeforecmp − Xaftecmpr)
2 + (Ybeforecmp − Yaftercmp)2

+(Zbeforecmp − Zaftecmp)2
)

the driving magnetic field (with magnetic coupling). Taking
the circular motion path of the robot as an example, the path
positioning curves of the capsule robot with and without mag-
netic coupling compensation are made, respectively. As shown
in Fig. 10, the red curve represents the actual position of
the capsule robot, and the blue curve represents the posi-
tioning curve of the capsule robot without magnetic coupling
compensation. The average positioning error is 5.64mm; the
black curve represents the positioning curve of the capsule
robot with magnetic coupling compensation, and the average
positioning error is 2.62mm. Therefore, after compensating
for the positioning error, the positioning accuracy is improved
by 53.5%.
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TABLE II
POSITION PARAMETERS OF BROKEN LINE PATH INSIDE COIL

(l =
√

(Xbeforecmp − Xaftecmpr)
2 + (Ybeforecmp − Yaftercmp)2

+(Zbeforecmp − Zaftecmp)2 )

Fig. 8. Localization curve of broken line path in coil.

E. Localization Experiment of Arbitrary Curve in Space
It can be seen from Table I and Table II that the positioning

accuracy of the capsule robot is significantly improved after
using the compensation algorithm. Therefore, the algorithm
compensation experiment in three-dimensional space is carried
out to verify the algorithm’s accuracy further. The planning
path is selected as an arc, and the positioning image of the
path is shown in Fig. 11.

The red and blue curves in Fig. 11 represent the desired
position of the capsule robot and the position after using the
compensation algorithm, respectively. Through comparison,
it is found that there is little difference between the two curves.
The results show that the positioning accuracy of the capsule
robot is 1.79mm. The positioning error of the algorithm in
three-dimensional space is small, and the positioning effect

Fig. 9. Localization curve of square line path in coil.

Fig. 10. Comparison image of capsule robot localization curve with or
without magnetic coupling compensation.

Fig. 11. Three-dimensional planning path localization curve.

is good. Therefore, the algorithm is still suitable for the
positioning of the capsule robot in three-dimensional space.

F. Comparison With Other Localization Methods
In order to verify the effectiveness of the magnetic position-

ing algorithm proposed in this article, this chapter carefully
compares the localization accuracy of capsule robots studied
by other scientific research teams. The specific results are
shown in Table III.

It can be seen from Table III that the positioning accuracy
of the magnetic positioning algorithm studied by other exper-
imental teams is more than 4mm. The average positioning
accuracy of the magnetic positioning algorithm proposed in
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TABLE III
POSITIONING ACCURACY COMPARISON TABLE

this paper is 2.25mm, which is high. Compared with other
teams’ positioning experiments on two-dimensional plane, this
paper’s positioning technology has risen to three-dimensional
space. Furthermore, the three-axis Helmholtz coil drives exper-
iments, eliminating the external interference of magnetic cou-
pling on the positioning. Therefore, the magnetic localization
algorithm in this paper has a better practical effect.

V. CONCLUSION

Aiming at the magnetic coupling problem between the
magnetic field generated by the capsule robot embedded with
a permanent magnet and the magnetic field generated by the
three-axis Helmholtz coil in the magnetic positioning system,
a magnetic positioning algorithm is proposed to solve the
magnetic coupling problem between the driving magnetic field
and the permanent magnet in the capsule robot. According to
the magnetic dipole model, a series of formulas reduces the
number of unknowns from 6 to 3. Based on the magnetic
positioning algorithm, a compensation amount is added to
the compensation algorithm. The experimental results show
that the positioning accuracy of the capsule robot is improved
after decoupling. The simulation results show that the posi-
tioning accuracy of the calculated path is 2.62mm. Three
paths are used to simulate the internal environment of the
human gastrointestinal tract, and the positioning accuracy is
1.80mm, 3.06mm and 1.79mm, respectively. The accuracy of
the proposed magnetic positioning compensation algorithm is
verified. The positioning accuracy of the algorithm in practical
application is also disturbed by other external factors, such as
human body shaking, which is also our next research direction.
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