
Robotica (2023), 41, pp. 1500–1514
doi:10.1017/S0263574722001849

RESEARCH ARTICLE

Calibrated analytical model for magnetic localization of
wireless capsule endoscope based on onboard sensing
You Li1 , Zhuokang Huang1, Xiaobo Liu1, Yu Jie1, Chaoyang Song1,2 and Chengzhi Hu1,2,∗

1Shenzhen Key Laboratory of Biomimetic Robotics and Intelligent Systems, Department of Mechanical and Energy
Engineering, Southern University of Science and Technology, Shenzhen 518055, China and 2Guangdong Provincial Key
Laboratory of Human-Augmentation and Rehabilitation Robotics in Universities, Southern University of Science and
Technology, Shenzhen 518055, China
∗Corresponding author. E-mail: hucz@sustech.edu.cn

Received: 30 June 2022; Revised: 25 November 2022; Accepted: 16 December 2022; First published online: 12 January 2023

Keywords: wireless capsule endoscope, magnetic localization, analytical model, error propagation

Abstract
Wireless capsule endoscopes (WCEs) are pill-sized camera-embedded devices that can provide visualization of the
gastrointestinal (GI) tract by capturing and transmitting images to an external receiver. Determination of the exact
location of the WCE is crucial for the accurate navigation of the WCE through external guidance, tracking of the
GI abnormality, and the treatment of the detected disease. Despite the enormous progress in the real-time tracking
of the WCE, a well-calibrated analytical model is still missing for the accurate localization of WCEs by the mea-
surements from different onboard sensing units. In this paper, a well-calibrated analytical model for the magnetic
localization of the WCE was established by optimizing the magnetic moment in the magnetic dipole model. The
Jacobian-based iterative method was employed to solve the position of the WCE. An error model was established
and experimentally verified for the analysis and prediction of the localization errors caused by inaccurate measure-
ments from the magnetic field sensor. The assessment of the real-time localization of the WCE was performed
via experimental trials using an external permanent magnet (EPM) mounted on a robotic manipulator and a WCE
equipped with a 3-axis magnetic field sensor and an inertial measurement unit (IMU). The localization errors were
measured under different translational and rotational motion modes and working spaces. The results showed that the
selection of workspace (distance relative to the EPM) could lead to different positioning errors. The proposed mag-
netic localization method holds great potential for the real-time localization of WCEs when performing complex
motions during GI diagnosis.

1. Introduction
Wireless capsule endoscope (WCE) is an effective non-invasive tool for screening gastrointestinal (GI)
diseases and related cancers. With the camera placed on the small-sized WCE, continuous images from
the GI tract can be captured and transmitted to a data logger carried by the patients [1–3]. In recent
years, WCE has been accepted as a routine clinical procedure alternative to conventional endoscopy.
Nevertheless, the most current commercial capsule endoscopes provide only the functions of image
transmission and passive navigation inside the human GI tracts [4, 5]. The accurate localization of WCEs
in real-time is still missing, which could significantly enhance their functionalities in diagnostic and
therapeutic applications, such as localization of the malignant lesion, closed-loop feedback control of
WCEs when navigating in the GI tracts, biopsy, fixed-point drug delivery, and non-invasive surgery
[6–13].

The clinical practice and state-of-the-art of localization methods of WCEs mainly include ultrasonic
imaging, X-ray imaging, inertial navigation, and magnetic localization [14–16]. Among them, position-
ing the WCE based on the magnetic field is the most widely used and efficient approach. Magnetic
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localization can be achieved by remote sensing the WCE that has an embedded small permanent mag-
net. As demonstrated in many previous studies, a magnetic sensor array can be placed externally to read
the magnetic field information from the embedded permanent magnet in the WCE to solve the position
[17, 18]. Based on the magnetic dipole model, the pose of the embedded permanent magnet can be
obtained by minimizing the difference between the measured data of each magnetic sensor and the the-
oretical magnetic field, which is equivalent to the position of the capsule. However, the positioning of
WCEs by a magnetic sensor array is mainly for passive capsules. The positioning system is relatively
complex and bulky, which requires a wearable sensor array.

Alternatively, magnetic localization can be achieved by onboard sensing of an external magnetic
source that generates either static magnetic fields (permanent magnet), alternating magnetic fields (elec-
tromagnetic magnets), or hybrid static and alternating magnetic fields [19–22]. In many previous studies,
the permanent magnet is placed outside the WCE to make it more compatible with external magnetic
manipulation of WCEs. The pre-calculated magnetic field information can be used to search the clos-
est position [23, 24]. For positioning based on the electromagnetic wave, radio frequency identification
(RFID) is a well-used method. With RFID technology, the capsule could be attached to a tag (transpon-
der) and localized by an external reader. However, due to the fluctuation of path loss in the digestive tract
environment, the positioning errors are inconsistent, which could be either less than 3 mm or more than
20 mm [25]. In addition, the balance between the choice of working frequency and data transmission
has always been a challenge [26]. Another drawback is that the attenuation of radio frequency signals
within the human body is irregular. Therefore, it cannot be adequately compensated and calibrated. In
order to solve this problem, it is necessary to increase the size of the transmitter and receiving antenna,
which poses great challenges for the manufacture of capsules.

Apart from these, Islam et al. achieved the positioning using the electromagnetic fields [27]. The
positioning system consists of three orthogonal transmission coils and three orthogonal sensing coils,
where the sensing coils are embedded into the capsule while the transmission coils are placed outside the
body. Each transmission coil works as a magnetic dipole to generate a magnetic field. Thus, the position
can be solved through the magnetic field data received by the sensing coils. For this method, the size of
the inner sensing coils and the design of the outer transmission coils have limitations on the miniatur-
ization of the WCE and insufficient workspace. The positioning method based on the electromagnetic
fields shows a more accurate position result than that based on the static magnetic fields [28]. Taddese
et al. have proposed a positioning based on hybrid magnetic fields (an assembly of static and time-
varying magnetic field sources outside the WCE), where magnetic sensors and permanent magnets are
embedded in the capsule endoscope to be localized and actuated [29]. The hybrid approach eliminates
the singularity of the workspace and uses particle filters to perform the pose estimation. This method
is beneficial for the active manipulation of the capsule, and a positioning accuracy within 10 mm can
be achieved. To sum up, magnetic localization of WCEs based on onboard sensing units has shown sig-
nificant advantages in terms of accuracy, ease of deployment, and compatibility with external magnetic
manipulation. However, a well-calibrated analytical model is still missing for the accurate localization
of WCEs by the measurements from different onboard sensing units.

In this paper, we employ a localization strategy based on an external permanent magnet (EPM)
mounted on a robotic arm and a WCE with an embedded magnetic sensor and an inertial measurement
unit (IMU). The EPM on the robotic arm manipulates the WCE in the GI tract, meanwhile, provides a
reference for localization of the WCE. The orientation of the WCE can be obtained by the IMU mod-
ule. The position is solved by the Jacobian-based iterative method. An error model of the localization
system based on the law of error propagation is built, and the accuracy of the error analysis model is
verified through experiments. The magnetic field distribution around the used EPM was carefully mea-
sured with a high-resolution 3D magnetic field measuring instrument. Additionally, sensor calibration
and parameter optimization further improve the positioning accuracy of the positioning system. The
maximum average error was about 6.29 mm when the magnetic source-sensor distance was from 150 to
350 mm. The average error for the capsule orientation angles, obtained by fusing the accelerometer and
gyroscope, was 2.93◦. The main contributions of this work include the following:
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(a) Compared with the external magnetic sensor array method, our onboard sensor fusion method
provides a simple, compact, and real-time approach that does not require multiple magnetic
sensors for attitude calculation and needs only one six-axis IMU module and one three-axis
magnetic sensor. Besides, there is no need for patients to wear redundant sensor array vests.
The proposed method is compatible with magnetic manipulation systems and could be easily
deployed and integrated with other diagnostic and therapeutic platforms for GI tracts.

(b) Most magnetic field models were built based on finite element simulation data or limited exper-
imental data. In this study, the actual magnetic field information from the whole working space
was measured with a magnetic field resolution of 0.1 μT and spatial resolution of 10 μm to opti-
mize the magnetic field models. It is found that the magnetic dipole model is better than the finite
element integration method in the current experimental settings. Meanwhile, the Jacobian-based
iterative method could use the real-time magnetic field data to get the inverse solution to position
directly to increase the calculation speed.

(c) The magnetic positioning of the WCE is generally based on particle filtering, particle swarm
optimization, and other methods for location prediction and neighborhood search. These methods
could only be verified by obtaining the positioning information from the hardware platform, and it
is difficult to predict and evaluate through simulation. In addition, there is no general error model
when analyzing positioning errors, which means that the optimization can only be deduced from
the final positioning results. In this paper, we apply a theoretical error model to analyze the
magnetic positioning method, which provides a straightforward approach and demonstrates the
effectiveness and feasibility of error propagation.

The organization of this paper is as follows. In Section 2, we introduced the principle and model of the
localization system and proposed the error transfer model. Furthermore, we optimized the parameter in
the magnetic dipole model. In Section 3, we presented the hardware and experimental setup. In Section 4,
the localization errors in different motion experiments were analyzed. We compared different magnetic
field analytical models further to prove the effectiveness of the magnetic dipole model. Besides, the error
model was verified by performing both rotational and translational motions. At last, the discussion and
conclusion are followed in Section 5.

2. Method and modeling
2.1. Localization method
Localization of a magnetic field source has been widely employed for magnetic tracking and motion cap-
ture [30–32]. Our localization system consists of an IMU, a triaxial magnetic sensor embedded inside
the capsule endoscope, and an external cylindrical permanent magnet. Within the operation range, the
magnetic field generated around the cylindrical permanent magnet can be used to manipulate the mag-
netic WCE. Meanwhile, the relative position and attitude can be derived from the onboard sensing units
in the WCE. In this paper, we focus on the localization of WCEs by determining the relative position
between the EPM and the WCE based on the embedded magnetic sensor. An appropriate equivalent
model is crucial for the accurate prediction of the magnetic field and field gradient at a specific position
relative to the permanent magnets, hence the position estimation or the magnetic interaction between
permanent magnets. Till now, different magnetic field models have been developed to express the mag-
netic fields produced by a magnetic source, such as the magnetic dipole model, equivalent magnetic
current model, and equivalent magnetic charge model. The magnetic dipole model is a simplified math-
ematic model used for calculating the magnetic strength of the magnet source. However, the magnetic
field produced by the dipole model is considerably unreliable at intermediate and shorter distances than
their own size. Here, we use the magnetic dipole model to explain the localization method. The fitness
error of the magnetic field produced by the used permanent magnet and the magnetic dipole model was
experimentally quantified at a specified working space.
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Figure 1. (a) The schematic of the experimental platform for localization of wireless capsule endoscope
based on onboard sensing. (b) The coordinate system of the external permanent magnet {EPM}. (c)
The coordinate system within the capsule, where {C} represents the WCE coordinate system, {Sensor}
represents the internal magnetic sensor coordinate system, and {IMU} represents the IMU coordinate
system.

Based on the magnetic dipole model (a time-invariant nonlinear mathematical expression) shown in
Eq. (1), the position of the magnetic sensor inside the capsule is mapped to the magnetic field data that
was read from the capsule endoscope.

B = μ0

4π

||ME||
||r||3

(
3r̃r̃TM̃E − M̃E

)
= g(r) (1)

where μ0 is the vacuum permeability, r is the vector from the EPM to the capsule, r̃ is the unit vector
along r, ME is the dipole moment of the EPM, and M̃E is the unit vector along ME.

The implementation of Eq. (1) requires that the magnetic field data B, target point position r, and
magnetic dipole moment ME are under the coordinate system of the permanent magnet. Therefore, we
transform all the parameters to the coordinate system of the permanent magnet. Figure 1 shows the rel-
ative positioning between the EPM, magnetic sensor, and IMU sensor. Figure 2 shows the flow chart
for the position tracking based on the onboard magnetic sensor and IMU sensor. After initialization, the
coordinate transformation matrix relative to the initial state can be obtained based on the IMU infor-
mation, which is the attitude of the capsule. Then, the attitude transformation matrix RIMU is used to
transform the magnetic sensor data Bs to the permanent magnet coordinate B. Finally, according to the
Jacobian-based iterative method, the location of the magnetic sensor center can be iteratively derived
under the permanent magnet coordinate, equivalent to obtaining the position of the WCE. The Jacobian-
based iterative method is performed as follows [33]. Assuming the capsule moves from position ri to
ri+1 in a short time, the distance �r produces a magnetic field change from Bi to Bi+1. Based on the
first-order Taylor expansion, we can obtain:

Bi+1 = Bi + ∂Bi

∂r
· �r = Bi + J · �r (2)

where

∂Bi

∂r
= J =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

∂Bx

∂rx

∂Bx

∂ry

∂Bx

∂rz

∂By

∂rx

∂By

∂ry

∂By

∂rz

∂Bz

∂rx

∂Bz

∂ry

∂Bz
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⎤
⎥⎥⎥⎥⎥⎥⎥⎦
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Figure 2. Flow chart for position tracking based on magnetic sensor and IMU sensor.

The inverse solution relation of the magnetic field at the present position of WCE can be obtained by
reversing Eq. (2). Then, the relationship becomes:

ri+1 = ri + J−1 · �Bi (3)

where �Bi = Bi+1 − Bi, J−1 is the inverse of the Jacobian, ri is the previous position, and ri+1 is the
current position to be solved. The maximum refresh rate of the IMU is 200 Hz, which is fast enough to
ensure small movements of the WCE during subsequent attitude measurements.

2.2. Parameter optimization of magnetic dipole model
An accurate analytical magnetic field model is extremely important to obtain closed-form and fast
estimates of the magnetic field. By incorporating high-resolution spatial experimental magnetic field
mapping, we are able to optimize the magnetic field model and assess the relative error. Finally, an iter-
ative magnetic localization of the WCE can be achieved by the closed-form expression for the Jacobian
of the magnetic field relative to changes in the WCE pose. The Jacobian-based iterative method for mag-
netic localization provides an iterative localization at a short computational time. However, the accuracy
can still be significantly affected by the magnetic field model. Different dimensions of EPM have dif-
ferent fitness errors from the magnetic dipole model. For the axial magnetized cylindrical permanent
magnet with an aspect ratio of 1, the matching error is approximately 7% when the positioning distance
is greater than twice the radius [34, 35]. The magnetic dipole moment is the only parameter in the mag-
netic dipole model, which needs to be accurately determined for the used permanent magnet. Unlike
conventional studies that obtain the magnetic dipole moment either from the datasheet by the perma-
nent magnet manufacturer or from finite element simulation, we employ a high-resolution gauss meter
probe mounted on motorized stages for measurement of the 3D magnetic field at different regions above
the EPM. A cost function is established to obtain the optimal magnetic dipole moment by minimizing
the cost function. The cost function is constructed by the difference between the magnetic field data
pre-calculated by the magnetic dipole model and the magnetic field collected by the sensor:

min J(ME) =
N∑

i=1

∥∥∥r3
i (Bi(ME, ri) − bi)

∥∥∥ (4)

where ME is the magnetic dipole moment, Bi is the magnetic field data pre-calculated by the magnetic
dipole model (Eq. (1)), ri is the distance between the sampling point and the EPM center, bi is the
magnetic field collected by the magnetic sensor, and N is the number of sampling points. Since B is
proportional to the r3, we add a gain r3

i to the cost function to ensure the same weight of each sample
point in the optimization region.

We sampled the space of 200×200×150 mm around 7 cm above the surface of the EPM with an
interval of 10 mm as a data set to optimize the ME using the above cost function. Then, we used the
“fmincon” function in MATLAB to obtain the optimal magnetic dipole moment. Based on the measured
data, the average fitness error of the EPM is 7.58% in the whole workspace.
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2.3. Theoretical error analysis
Theoretical error analysis can provide broad insights for prediction and guidance. In an engineering
system, there are usually two kinds of variables: direct measurement quantity and indirect measurement
quantity. The direct measurement quantity is the data that can be obtained by the sensor as the input
of the system. The indirect measurement is the output of the system, that is, the desired result. The
indirect measurement can usually be constructed through various models to establish the relationship
with the direct measurement. In order to analyze the errors of different models or different parameters
in an individual model, it is often necessary to build a hardware platform for the verification of the
preliminary test. However, an appropriate theoretical error model could save time and cost to predict
the system error only through simple operations. The influence of direct measurement error on indirect
measurement error is based on error propagation. The propagation of errors is essential for understanding
how uncertainties in a parameter affect calculations using that parameter. Error is propagated to the
solution through a set of rules.

The error analysis is based on two theoretical premises. For the given positioning system of the
WCE, there are three direct measurements, namely magnetic field information B, angular velocity ω, and
acceleration data a. The indirect measurement is the position of the WCE. There is a specific relationship
between the indirect measurement, position P, and the direct measurements B, ω and a, namely P =
f (B, ω, a), where magnetic field B, acceleration a, and angular velocity ω are independent with each
other. Then, the error of the indirectly measured result P is the total differential of the error of B, ω

and a:

eP =
∣∣∣∣
∂f

∂B

∣∣∣∣ eB +
∣∣∣∣
∂f

∂ω

∣∣∣∣ eω +
∣∣∣∣
∂f

∂a

∣∣∣∣ ea (5)

where eB, ea, and eω are the errors of each direct measurement, eP is the error of the indirect
measurement P.

For the error of each direct measurement, there is systematic error es and random error er. Generally,
we consider that the random error follows a normal distribution, in which the mathematical expectation
of the random error E(er) = 0. The correlation between random error and systematic error is small and
can be ignored after some measurements. Therefore, the error of the directly measured quantity can be
regarded as its systematic error, e = es [36].

We derived the transfer relationship from the error of the original measurement data to the error of
the final positioning. The absolute positioning error of the WCE is equivalent to the positioning error of
the magnetic sensor.

The attitude matrix is a function of quaternion, which is calculated from the IMU accelerometer and
gyroscope:

RIMU = f (q) = f (q(a, g)) (6)

f (q) =

⎡
⎢⎢⎣

q2
0 + q2

1 − q2
2 − q2

3 2(q1q2 + q0q3) 2(q1q3 − q0q2)

2(q1q2 − q0q3) q2
0 − q2

1 + q2
2 − q2

3 2(q2q3 + q0q1)

2(q1q3 + q0q2) 2(q2q3 − q0q1) q2
0 − q2

1 − q2
2 + q2

3

⎤
⎥⎥⎦ (7)

qt0+�T(g) = qt0 +

⎡
⎢⎢⎢⎢⎣

−q1,t0 −q2,t0 −q3,t0

q0,t0 −q3,t0 q2,t0

q3,t0 q0,t0 −q1,t0

−q2,t0 q1,t0 q0,t0

⎤
⎥⎥⎥⎥⎦

· g · �T (8)

gt0+�T(a) = gt0 + Kp · et0 · a +
t0∑

k=0

Ki · ek · a (9)
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where

ek =
⎡
⎢⎣

0 Sz,k −Sy,k

−Sz,k 0 Sx,k

Sy,k −Sx,k 0

⎤
⎥⎦

and ⎡
⎢⎣

Sx

Sy

Sz

⎤
⎥⎦ =

⎡
⎢⎣

2
(
q1,t0 q3,t0 − q0,t0 q2,t0

)

2
(
q0,t0 q1,t0 + q2,t0 q3,t0

)

q2
0,t0

− q2
1,t0

− q2
2,t0

+ q2
3,t0

⎤
⎥⎦

q is the quaternion, t0 is the current time, g is the reading of the gyroscope, �T is the time interval
(constant), and a is the reading of the accelerometer. Kp is the proportional parameter, and Ki is the
integral coefficient of the PI compensation, respectively.

Because of the PI compensation, the quaternion calculation is a process of continuous iteration within
the set time interval. The quaternion at the present moment is formed by the function of the quaternion
at the previous moment and the angular velocity, while the angular velocity is calculated by the quater-
nion at the previous moment and the acceleration. Obviously, there is a cumulative error in quaternion
calculation over time. Hence, the application of the error transfer model fails. As for the attitude, we
conducted error analysis and optimization according to the actual experimental data.

The position solution can be obtained by the Jacobian-based iterative method based on the magnetic
dipole model (Eq. (1)), where ME can be considered as a constant for a given magnet. Thus, the magnetic
field B is merely a function g of position r. Further, the position r can be regarded as a function of the
magnetic field data B, that is, r = g−1(BE). Then, the error is:

er = ∂g−1

∂BE
eBE (10)

where

∂g−1

∂BE
= J−1 =

⎡
⎢⎢⎢⎢⎢⎢⎣

∂rx

∂Bx

∂rx

∂By

∂rx

∂Bz

∂ry

∂Bx

∂ry

∂By

∂ry

∂Bz

∂rz

∂Bx

∂rz

∂By

∂rz

∂Bz

⎤
⎥⎥⎥⎥⎥⎥⎦

3. Hardware and experimental setup
As shown in Fig. 3(a), the capsule endoscope used in our experiments is 28.44 mm in length, 11.68 mm
in diameter, and 2.37 g in weight, which satisfies the general requirements for WCEs in size. The capsule
is a prototype from JIFU Medical, which is equipped with a 3-axis magnetic field sensor (AK09970N),
an IMU (BMI160), and a camera. The magnetic field sensor has a wide sensing range of ±39 mT, a
sensitivity of 3.1 μT per least significant bit, and time for measurement of less than 1 ms, which provides
a fast response and a sufficient sensing range and precision for localization of magnetically actuated
WCEs or closed-loop remote magnetic manipulation of a WCE inside the patient’s body. The capsule can
transmit images, magnetic field, acceleration, angular velocity, and other information wirelessly to the
external receiver. Then, the information can be processed to determine the position of the capsule. The
EPM used in this study is a rubidium-iron-boron N52 cylindrical permanent magnet, which is 50 mm
in diameter and 50 mm in height. At 100 mm away from its surface, it can produce a magnetic field
of approximately 10 mT, which is sufficient for external magnetic manipulation. Apart from the capsule
endoscope and magnet in the positioning system, a three-axis rotating stage (Fig. 3(a)), a high-resolution
three-dimensional magnetic field measuring instrument (CH-Magnetoelectricity Technology Co., Ltd,
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Figure 3. Hardware platform. (a) Three-axis rotating stage and the capsule endoscope. (b) Uniaxial
Helmholtz coil. (c) Three-dimensional magnetic field measurement instrument that incorporates fine
positioning stages and high-resolution three-axis hall magnetic sensor probe.

F-30, displacement resolution is 10 μm, and magnetic field resolution is 0.1 μT.), and a Helmholtz
coil (Fig. 3(b)) were used for the implementation of experiments. The 3D magnetic field measuring
instrument (Fig. 3(c)) could set sampling space, sampling interval, and sampling track, automatically
scan the spatial magnetic field, and save the collected 3D magnetic field data and corresponding spatial
information.

4. Experiments and error analysis
4.1. Sensor calibration
For a low-cost generic IMU, the accuracy is often affected by inaccurate scaling factors, non-verticality
of the sensor axes, and non-zero biases. IMU calibration is the process of defining these quantities [37].
Assuming that we ignore ambient noise, the complete sensor error model is as follows:

ac = T · K · (ao + b) (11)

where

T =
⎡
⎢⎣

1 −βyz βzy

0 1 −βzx

0 0 1

⎤
⎥⎦ , K =

⎡
⎢⎣

kx 0 0

0 ky 0

0 0 kz

⎤
⎥⎦ , b =

⎡
⎢⎣

bx

by

bz

⎤
⎥⎦

ao is the original uncalibrated data, T is the conversion matrix of the sensor axis, K is the scale factor
matrix of the reading, b is the bias, and ac is the calibrated sensor data. β is the deflection angle from
the actual coordinate system to the ideal vertical coordinate system. The details of IMU calibration can
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be found below [37]. Step 1: Set the sensor for 5 s to obtain zero offsets; Step 2: Rotate the sensor and
place it in different attitudes, and stand for at least 3 s in each attitude; Step 3: Rotate the IMU to at least
six different attitudes; Step 4: Perform the estimation algorithm to obtain the T , K, and b. Similar to
the calibration of IMU, the magnetic sensor was placed in a uniform magnetic field generated by the
Helmholtz coils, as shown in Fig. 3(b). Steps 1 to 4 were repeated to obtain the calibration parameters
T , K, and b of the magnetic sensor.

4.2. Comparison of different magnetic field analytical models
As discussed in the previous section, an accurate analytic relationship between position and the magnetic
field is of great importance for the proposed localization of WCEs. Here, we used the measured magnetic
field data as the ground truth to compare two magnetic field analytical models. One is the magnetic dipole
model we applied to the localization method. The other is the magnetic current model based on the finite
element integration method. The magnetic field in a 200×200×150 mm space 7 cm above the surface
of the EPM was measured. The interval along the Z direction (Corresponding to the axial direction of
the cylindrical permanent magnet) is 10 mm. The sample points with the same Z distance composed a
layer. The intervals along the X and Y direction in each layer are also 10 mm (Choose the center of the
EPM as the origin, sampling from −100 to 100 mm).

By fitting the measurement data, we found that both magnetic field models agreed well with the
experimental measurement. We selected a set of measurement data from the same distance (one layer)
above the permanent magnet as a typical magnetic field distribution. As shown in Fig. 4(a), both models
demonstrated a high matching degree of the measured data. The fitness error of the magnetic dipole
model is smaller. Further, we calculated all the layers’ matching errors, as shown in Fig. 4(b). When
the distance in the Z direction is less than 80 mm, the matching error of the magnetic current model
is smaller. However, when more than 80 mm, the dipole model is more accurate. Besides, when the
distance in the Z direction is more than 100 mm, the larger the Z distance, the larger the matching error.
In addition, the dipole model is mathematically simpler for analyzing and calculating magnetic fields
and can provide analytical solutions in 3D space [38]. Therefore, we chose the magnetic dipole model
at the given working range in our localization system. The calibrated analytical model for magnetic
localization of WCEs based on onboard sensing enables the real-time tracking of the pose (i.e., position
and orientation) of the WCE, which has high adaptiveness and compatibility to the remote magnetic
manipulation of a WCE inside the patient’s body in closed-loop feedback control. However, the dipole
model provides limited localization performance when the WCE is close to the magnetic field source,
which could compromise the magnetic coupling between the driving magnet and the WCE, hence the
maneuverability.

4.3. Magnetic localization under rotational motion of the WCE
Typically, the WCE will undergo rotational motion, translational motion, and both rotational and trans-
lational motion when performing GI diagnosis or treatment. We first check the localization error of the
WCE during rotational motion. The capsule was placed on a three-axis rotating device, as shown in
Fig. 3(a), which provides a rotation accuracy of 0.01◦ and no translational motion. Attitude changes in
three different orientations were carried out by manually controlling the rotation speed of approximately
10◦/s. The theoretical change was compared with the actual change. Table I shows the experimental
results of 6 groups of different attitude changes. As shown in Table I, the average attitude errors of the
six groups increase with the increase of attitude angle. The attitude calculation error accumulates with
time. As the attitude angle approaches 90◦, the quaternion solution of the Euler angle gradually becomes
nearly singular, which leads to an increase in error. The average attitude errors of three different heading
angles are 2.92◦, 3.80◦, and 2.06◦, respectively, which remain in a relatively stable range, and the roll
angle is more accurate. The overall average error of the six experiments is approximately 2.93◦, which
meets the actual demand.
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Figure 4. Comparison of different magnetic field models. (a) Magnetic field comparison in one layer.
(b) Matching errors of the two magnetic field models in all Z layers.

4.4. Magnetic localization under translational motion
During the translational motion, the magnetic sensor was fixed on a graph paper to determine the
relative position with the external magnet while maintaining the attitude unchanged. The posture of
both the magnet and the sensor was kept unchanged. The external magnet was moved in the space of
200×200×200 mm by the robotic arm, and a trajectory of 45 points was obtained. The path calculated
from the reading of the onboard sensing was compared with the path set to the robotic arm, as shown
in Fig. 5(a). To reduce the sensor fusion error caused by the misalignment of the magnetic field sensor
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Table I. Attitude change comparison.

Theoretical changed
attitude Calculated changed attitude(◦)

NO. Yaw, Pitch, Roll (◦) Yaw Pitch Roll Average error (◦)
1 0, 0, 0 0.012 −0.74 −1.74 0.828
2 15, 15, 15 15.42 12.95 13.32 1.383
3 30, 30, 30 30.88 26.75 28.86 1.755
4 45, 45, 45 47.18 40.75 44.13 2.434
5 60, 60, 60 64.38 54.46 58.55 3.792
6 75, 75, 75 84.61 68.03 69.49 7.366

Average error (◦) 2.915 3.800 2.064 2.9263

Figure 5. (a) Path comparison: real position versus optimized calculated position. (b) Positioning
errors in X, Y, Z directions. From the nearest to the furthest, the layers were denoted as Z1 to Z5,
respectively.

and IMU and reduce the overall size, we used a 9-axis magnetic and IMU MPU-9250. The MPU-9250
has a sensitivity of 0.6 μT per least significant bit, and the sampling frequency is 100 Hz, which could
satisfy the response speed and measurement precision of the localization algorithm.

In the magnetic localization under the translational motion of the WCE, we divided the working space
into five layers according to the distance in the Z direction. Each layer was separated by 50 mm. Nine
points were sampled in each layer, and the X and Y directions were separated by 100 mm, respectively.
As shown in Fig. 5(b), with the increase of the distance in the Z direction, the positioning errors in the
three directions gradually increase. After the calibration of the sensors and optimization of ME in the
magnetic dipole model, the overall mean errors of 5 layers are 3.60, 4.54, 5.59, 7.33, and 10.40 mm,
respectively. The mean positioning error of the 45 points is 6.29 mm.

4.5. Error analysis with theoretical error model
Before we analyze the error, some variables are defined. The actual position of the magnetic sensor
relative to the permanent magnet is Pr, and the position calculated by the magnetic field data is Pc. The
difference between the two is the actual positioning error Er. The actual magnetic field data read by the
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Figure 6. Error comparison. Et is calculated based on the theoretical error model, Er is the actual
positioning error.

magnetic sensor is Bs. The theoretical magnetic field data Bt is calculated based on the magnetic dipole
model (Eq. (1)). The difference between the two is the magnetic field error EB, which can be considered
as the input error of the direct measurement. The theoretical positioning error (Et) is calculated from
the magnetic field error EB based on the error model (Eq. (10)).

It can be seen from Fig. 6 that the calculated error Et based on the theoretical error model is consistent
with the actual positioning error Er. In general, the absolute value of theoretical error is less than the
actual error, which indicates that experimental operation and environmental factors may bring extra
positioning error. The positioning error is highly dependent on the magnetic field model and the accurate
measurement from the magnetic sensor.

The above proves that the theoretical error model established in this study is compelling. The error
model can be used as an instruction to reduce the magnetic field error EB and the position error Er
by calibrating the sensor and modifying the model parameters of the position method. One additional
benefit of the error analysis is that accurate modeling can speed up the localization simulations to define
a better working range by generating the locations with appropriate error distributions without running
the localization algorithm [39].

4.6. Magnetic localization under rotational and translational motion
After improving the positioning accuracy of translational motion, we also design a path to change the
position and attitude simultaneously. Based on the experimental platform in Fig. 7(a), we fixed the EPM,
and the sensor module was fixed at the end of the manipulator, which moved along the six marker points
from P1 to P6 shown in Fig. 7(b). The six points on the path are selected as the characteristic clinical
detection markers based on the anatomical model of the stomach, which corresponds to the cardia (P1),
fundus of stomach (P2), greater curvature of the stomach (P3), lesser curvature of the stomach (P4),
pyloric sinus (P5), and pylorus (P6) [40, 41].

Figure 7(c) shows the average error and variance of the localization results in six experiments for
these six points. The average position errors in the X, Y , and Z directions are 5.79, 8.72, and 14.90 mm,
respectively, while the average error is 10.12 mm. Besides, the variance in the X, Y , and Z directions is
1.87, 2.00, and 0.24, respectively. It can be found that the average error in the Z direction is the largest,
but the variance is the smallest. The reason might be that the motion of the six points in the Z direction
is much smaller than the motion in the X and Y directions. In addition, the error at some points is
significantly smaller than that of other points, which could be the consequence that the accuracy of the
magnetic dipole model is related to the distance between the magnetic sensor and the magnet. While the
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Figure 7. (a) Experimental platform. (b) Stomach phantom with marker points. (c) Path comparison.

Figure 8. (a) Experimental platform and schematic diagram. (b) Position errors in water. (c) Error
comparison in water versus in air.

distances between different points and the magnet are different. Therefore, the error of the point with
a closer distance is smaller than that of other points. One drawback of this study is that the drift of the
inertial data from IMU will become an issue over time, which can be improved by introducing a reference
magnetic field in the localization system, such as integrating a pair of Helmholtz coils to provide a time-
varying uniform magnetic field. Thus, absolute localization is still feasible by the proposed method for
long-term magnetic localization and magnetic manipulation.

4.7. Motion in liquid environment
WCEs would work in a liquid environment in practical applications. Thus, we set up another set of
experiments to verify the feasibility of magnetic localization by the onboard sensing units. As shown
in Fig. 8(a), the sensor module was fixed to the end of a 3D-printed polymeric rod that was mounted
to the robotic manipulator to obtain the magnetic field and the real-time position information. The sen-
sor module was moved along the profile of the stomach model. A trajectory containing 9 points was
recorded underwater, and the position was also estimated by the magnetic field. As shown in Fig. 8(b)
and (c), the average position errors along X, Y , and Z directions are 5.06, 1.31, and 2.45 mm, respectively.
A similar experiment was also conducted in the air. The result shows that the average positioning errors
of the same path in the air are 3.98, 0.95, and 2.48 mm, respectively. The positioning error in this set
of experiment is smaller than that in Fig. 5 because we adjusted the workspace to a space with a less
matching error of the magnetic dipole model. The results further proved that the magnetic positioning
method has environmental adaptability and effectiveness. Besides, it could provide accurate positioning
results in the given workspace.

5. Conclusions
Localization of capsule endoscopes during the examination of the GI tract is of great importance for
precise diagnosis. In this paper, we have constructed a well-calibrated analytical model to perform the
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localization of the WCE based on onboard sensing, which is compatible with magnetic manipulation.
For the positioning method, the fundamental limitation is the accuracy of the magnetic field model,
reflecting the one-to-one relationship between the position and the magnetic field. In order to reduce the
matching error of the magnetic field model, we optimized the magnetic dipole moment in the magnetic
dipole model by collecting abundant sample points through a high-precision three-dimensional mag-
netic field measuring instrument. Meanwhile, we found that the different working range distributes to a
different matching error of the magnetic field model, which also reflects the position error. In addition,
based on the error propagation theory, we established a theoretical error model to analyze and predict the
errors in the positioning system. Through the positioning experiments of various motion modes under
different conditions, the accuracy of our localization system was evaluated.

Due to the size limitation of the capsule endoscope and the accuracy of the used sensor, the exist-
ing IMU module with an appropriate size for the WCE is not accurate enough to provide the highest
accuracy. In the future, other magnetic sources could be added in vitro as an auxiliary magnetic field to
further reduce attitude error. The incorporation of a dynamic magnetic field or more magnetic sensors
inside the capsule endoscope could also contribute to accurate positioning. In addition, the matching fit-
ness of the magnetic dipole model itself is another crucial point. For our proposed positioning method,
we rely on the mapping relationship of the model. That is, the position and spatial magnetic field have
a one-to-one mapping. However, the experimental results indicate that the dipole model has different
accuracy within different spatial distributions. Hence, the relationship between different spaces and the
accuracy of the magnetic dipole model could be further explored.
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