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Abstract. Manipulating microrobots within narrow conduits has significant potential in medical and indus-
trial applications, including disease diagnosis and treatment within body lumens and inspection of fluid transport
pipelines. To address the challenges of operating in fluid environments, this paper proposes a method for suspend-
ing a magnetic robot within the two-dimensional plane of a fluid conduit. Two vertically arranged electromagnets
generate a non-uniform magnetic field that drives the magnetic ball. Hall sensors and visual measurement jointly
provide positional feedback to the controller. The effects of drive current and fluid velocity on the levitation
characteristics of the magnetic ball are investigated experimentally. Results indicate that, when the magnetic ball
is suspended within the fluid pipe, higher fluid velocity or greater distance from the electromagnet axis results in
larger horizontal displacement of the ball. Compared with a single-electromagnet drive, the dual-electromagnet
drive effectively constrains the horizontal displacement of the magnetic ball and reduces fluctuations during
fixed-point suspension. The horizontal deviation is reduced by up to 58 %. Maximum horizontal fluctuations de-
crease from 0.35 to 0.21 mm, while maximum vertical fluctuations decrease from 0.20 to 0.11 mm. Furthermore,
by adjusting the current of each electromagnet, the magnetic ball achieves precise point suspension and stepwise
motion within a confined fluid domain, with position control errors below 0.1 mm. The dual-electromagnet drive
demonstrates superior performance in positioning control of the magnetic ball, providing a robust basis for future
applications.

1 Introduction

With advances in micromanufacturing, nanomanufacturing,
and automatic-control technologies, microrobots are being
increasingly deployed to replace labor-intensive manual op-
erations and to operate in complex, demanding environ-
ments. Among these, pipeline microrobots have demon-
strated significant application value in both medical and in-
dustrial inspection fields (Jang et al., 2022). The human body
contains numerous tubular organs, such as the gastrointesti-
nal tract and blood vessels, where diseases often require
interventional examination and treatment. Traditional inter-
ventional diagnostic and therapeutic methods suffer from
poor controllability, invasiveness, and stringent spatial re-

quirements (Yang et al., 2025). Consequently, researchers
have explored the use of microrobots within cavities inac-
cessible to manual operation. The development of diagnostic
and therapeutic devices based on micro-electro-mechanical
systems (MEMSs) is emerging as a research hotspot (Cai
et al., 2022; Schmitt et al., 2020; Hale et al., 2014). Cur-
rently, researchers employ electric, magnetic, chemical, bi-
ological, and mechanical propulsion methods to drive mi-
crorobots through bodily lumens, enabling functions such as
minimally invasive surgery, drug delivery, biopsy, and cell
characterization (Elnaggar et al., 2024).

Industrial pipelines transport various liquids, including
oil, gas, and water. After prolonged operation, pipelines are
susceptible to developing imperceptible cracks, corrosion,
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blockages, and other defects (Zheng et al., 2022). To detect
and repair such issues, pipeline inspection robots are em-
ployed. When operating within fluid-filled pipelines, these
robots must overcome fluid resistance, and their perfor-
mance is influenced by factors such as the fluid environment,
pipeline dimensions and geometry, and the drive mechanism.
Typically, pipeline inspection robots utilize wheels, tracks,
legs, or tow cables for locomotion (Elankavi et al., 2022).
They must maintain continuous contact with the pipe wall
during operation, with their movement being constrained by
wall friction and the presence of adhered debris on the wall
surface.

Researchers have explored propulsion technologies for
microrobots navigating fluid tubes. Among these, magnetic
field propulsion shows significant promise for applications
within human tubular organs and small industrial pipelines
due to its wireless and non-invasive nature (Sun et al., 2023).
Microrobots can be powered and controlled by external mag-
netic fields, enabling smaller sizes and improved maneu-
verability. Rotating magnetic fields generated by coils are
commonly used to propel microrobots in a spiral motion
through liquid conduits. For instance, Qin et al. (2023) uti-
lized Helmholtz coils to generate rotating magnetic fields
driving microrobots within mucus tubes. Through simula-
tions and experiments in conduits with diameters exceed-
ing 20 mm, the study investigated the influence of mag-
netic field frequency, conduit diameter, and flow rate on the
forces acting on the microrobots and their movement speeds.
Liang et al. (2015) employed rotating magnetic fields to pro-
pel helical robots through fluid conduits, experimentally de-
termining the maximum speeds of microrobots under both
downstream- and upstream-flow conditions in vertical and
horizontal pipes. However, rotating magnetic fields produce
relatively weak torques and require complex equipment (Yu-
nas et al., 2020). Additionally, microrobots pose a risk of
contacting pipe walls during rotation.

Magnetic-levitation (maglev) technology, owing to its ad-
vantages of contactless actuation, the absence of mechanical
friction, high-precision positioning, and low noise, has en-
abled transformative applications across multiple engineer-
ing domains. In the biomedical field, electromagnetic levi-
tation has been successfully employed for label-free single-
cell manipulation and sorting (Ramarao et al., 2025). In the
aerospace sector, maglev technology is well-suited for non-
contact, high-precision manipulation of devices in vacuum
environments (Tayebi et al., 2023; Fallahiarezoodar and Zhu,
2025). For instance, Bian et al. (2026) employed magneti-
cally suspended spherical actuators to reduce appendage vi-
brations and external disturbances in satellite attitude con-
trol systems. In semiconductor manufacturing, maglev stages
have become essential positioning equipment in precision
fabrication processes (Joo et al., 2026). In contrast to con-
ventional uniform or rotating magnetic fields used as drive
sources, active electromagnetic levitation employs electro-
magnets to generate gradient magnetic fields, thereby en-

hancing load capacity and expanding the operational range
(Liu et al., 2024). This approach enables microrobots to
move through pipelines without relying on supporting struc-
tures or propulsion mechanisms. For instance, Zhang et al.
(2019) and Liu et al. (2023) developed one-dimensional and
two-dimensional active magnetic-levitation systems capable
of driving miniature permanent magnets to achieve suspen-
sion and motion over extended distances within empty con-
duits. During movement, the microrobots maintain precise
positioning while avoiding contact with the pipe walls. Qu
et al. (2021) and Malchikov et al. (2025) utilized external
magneto-actuators to drive magnetic microrobots within liq-
uid conduits, enabling rapid reciprocating motion in fluid en-
vironments (Ali et al., 2017). Although this method achieves
high speed and impact force, it requires contact with the tube
wall for structural support.

Building upon active magnetic-levitation drive technol-
ogy, this paper proposes a method for manipulating mag-
netic robots within fluid pipelines. A magnetic-levitation sys-
tem coupled with external symmetrical dual electromagnets
serving as actuators enables controlled suspension and move-
ment of robots within the pipes. The gradient magnetic field
generated by the electromagnets provides a stronger driving
force and a wider manipulation range for the magnetic robot.
The external driver can move while carrying the robot. Pre-
cise positional adjustments of the ball are achieved through
current control of the two electromagnet sets, maintaining
non-contact with the pipe wall. Furthermore, experiments
were conducted within the fluid pipe to investigate the effects
of parameters such as fluid flow velocity and drive current
on the ball’s suspension performance. The study evaluates
the robot’s positional variation patterns, stability, and motion
performance while comparing the differences in performance
between single-electromagnet and dual-electromagnet drive
configurations.

2 Dual-electromagnet magnetic drive system

2.1 System design

To simulate the scenario of remotely controlling robots
within fluid pipelines, Fig. 1 presents a schematic diagram
of the magnetic drive system for the robot inside fluid con-
duits. The external actuators are distributed along the length
of the pipe on both sides to control the behavior of the inter-
nal robot. The core component of the system is a magnetic-
levitation ball system, composed of magnetic balls, a con-
troller, a drive circuit module, a position measurement mod-
ule, two electromagnets, and a fluid pipe. The electromagnets
generate an external magnetic field to drive the movement of
micro-devices. The magnetic ball serves as a robot for opera-
tions within a fluid-filled pipeline, while the electromagnets,
along with the associated power supply module and control
module, serve as external actuators. The magnetic balls act
as the controlled suspended objects, attracted by electromag-
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Figure 1. Schematic diagram of the magnetic drive system for the
robot inside fluid conduits.

netic forces produced by the upper and lower electromagnets.
The controller regulates the drive circuit to supply the appro-
priate current to the electromagnets, while the measurement
circuit employs Hall position sensors and industrial cameras
to provide positional feedback to the controller.

The robot is a spherical permanent magnet made of Nd-
FeB. Compared with iron or steel balls, it generates a greater
magnetic moment per unit volume, enabling stronger electro-
magnetic attraction. Moreover, spherical robots experience
reduced resistance when moving through fluids and exhibit
improved navigational stability when traversing diverse di-
rections. The north pole (N) and south pole (S) of the perma-
nent magnet are situated on two hemispherical surfaces. The
magnetic ball has a diameter of 13 mm, a mass of 8.15 g, and
a surface magnetic flux density of 677.3 mT.

Electromagnets used in industrial applications typically
feature a multi-layer solenoid structure with an iron core
(Ruan et al., 2022). The iron core increases the magnetic
field density along the electromagnet’s axis, thereby enhanc-
ing the attractive force exerted on ferromagnetic materials.
However, the inclusion of an iron core changes the current
characteristics of the electromagnet. A model of an electro-
magnetically levitated ball was created in Ansys Electron-
ics software. The suspension characteristics of electromag-
nets with and without cores in water were analyzed and com-
pared, as shown in Fig. 2a and b, respectively. In the simu-
lation model, the current in the coil flows counterclockwise,
and the north pole of the magnetic ball points vertically up-
ward. The structural parameters of the electromagnet coil are
presented in Table 1. The electromagnet core, measuring 8
12 mm× 69 mm, is symmetrically positioned at the center of
the coil.

Figure 2 presents the contour plots of the magnetic field, il-
lustrating the field strength distributions for both the coreless
and core-equipped models at a current of 0.5 A and a suspen-
sion distance of 40 mm. As shown in Fig. 2b, under identical
operating conditions, the addition of an iron core increases
the magnetic field strength along the axis of the electromag-
net, thereby enhancing its electromagnetic attraction.

Table 1. Structural parameters of electromagnets.

Parameters Symbol Value

Inner diameter D1 16 mm
Outer diameter D2 63 mm
Height H 65 mm
Number of coil turns Nc 1490
Wire diameter dc 1 mm

When the magnetic ball is stably suspended, the electro-
magnetic force and gravitational force are balanced. There-
fore, the relationship between the coil current and the suspen-
sion distance at force equilibrium was calculated, as shown
in Fig. 3. As shown in Fig. 3, an electromagnet with a core
requires a lower current to maintain the same suspension dis-
tance. However, the controllable current range is narrower
for the same range of distances in the core-equipped design.
This implies that finer adjustment resolution becomes nec-
essary for small variations in the suspension distance. Ac-
cording to Fig. 3, the average change in suspension distance
per unit change in current is 0.1 mm mA−1 for the coreless
electromagnet compared with 0.26 mm mA−1 for the core-
equipped electromagnet. Given that the adjustment resolu-
tion of the actual current driver is 0.001 A, a coreless electro-
magnet structure was chosen to achieve higher positional ad-
justment accuracy for the magnetic ball. Additionally, in the
dual-electromagnet drive configuration, the upper and lower
electromagnets have identical designs.

2.2 Method for position measurement of a magnetic ball

The primary method for accurately measuring the ball’s po-
sition employs an industrial camera, supplemented by a Hall
sensor as an auxiliary positioning device. The industrial cam-
era uses a CMOS sensor to capture the ball’s images at a
frame rate of 30 fps with a resolution of 1296× 964 pix-
els. It captures real-time images of the ball, processes them
using OpenCV, and recognizes the ball’s center position in
both the horizontal and the vertical directions. Additionally,
a Hall sensor is mounted on the end face of the electromag-
net to measure the distance between the magnetic ball and
the electromagnet, providing supplementary location infor-
mation. The coarse position data from the Hall sensor serve
to verify the position obtained through visual measurement
and acts as a backup positioning method when visual mea-
surement is unavailable.

The image processing workflow consists of preprocessing,
ball recognition, and position calculation. After the camera
captures an image of the magnetic ball, the image undergoes
preprocessing steps, including binarization and Gaussian fil-
tering. Subsequently, contour recognition is performed on the
magnetic ball image. When viewed externally through the
fluid pipe, the magnetic ball’s image appears distorted into
an approximate ellipse. Therefore, the system is programmed
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Figure 2. Magnetic field contour plots for the coreless and core-equipped magnetic-levitation models at a current of 0.5 A and a suspension
distance of 40 mm.

Figure 3. Relationship between coil current and suspension dis-
tance for the coreless and core-equipped magnetic-levitation mod-
els at equilibrium.

to search for elliptical contours within the image, filtering
them based on perimeter, area, and axis length to identify the
magnetic ball’s outline. Finally, distortions in the shape and
position of the magnetic ball’s image contour are corrected,
and camera lens distortion is eliminated. The center coordi-
nates of the magnetic ball are then calculated to provide its
positional information.

3 System modeling

When the drive current of the electromagnet varies, the elec-
tromagnetic force acting on the magnetic ball changes, caus-
ing the ball to reach a state of force equilibrium at different
positions. When the fluid velocity is constant, adjusting the
drive current of the electromagnet can modify the suspen-
sion position of the ball within the pipe. At the same time,

Figure 4. Force model on the magnetic ball in a pipe flow when
driven by dual electromagnets.

changing the flow rate enables the magnetic ball to establish
a new equilibrium at a different position. Figure 4 illustrates
a schematic diagram of the force analysis of the magnetic
ball in a fluid pipe, where both the upper and lower electro-
magnets exert an attractive force on the magnetic ball. The
alteration of the current in the upper and lower electromag-
nets results in a change in the equilibrium state of the mag-
netic ball within the fluid, consequently modifying its behav-
ior. The position of the magnetic ball shifts within the zOy
plane while remaining on the pipe’s symmetrical plane.

The magnetic ball is subjected to fluid resistance, buoy-
ancy, and gravity within the pipe flow. The electromagnetic
force exerted on the magnetic ball by the upper electromag-
net can be expressed as follows (Belharet et al., 2012):

Fm1 = p∇B1 =
3Bs

2µ0
Vb

(
∂B1

∂y
j +

∂B1

∂z
k

)
. (1)
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The electromagnetic force exerted on the magnetic ball by
the lower electromagnet can be expressed as follows:

Fm2 = p∇B2 =
3Bs

2µ0
Vb

(
∂B2

∂y
j +

∂B2

∂z
k

)
, (2)

where the magnetic moment of the magnetic ball is denoted
by p; B1 and B2 represent the magnetic flux densities gener-
ated by the upper and lower electromagnets, respectively; ∇
denotes the Nabla operator; the surface magnetic induction
of the magnetic ball is denoted by Bs; the magnetic perme-
ability of air is denoted by µ0; and Vb denotes the volume of
the magnetic ball. j and k represent the unit vectors along
the y axis and z axis, respectively.

The gravitational force acting on the magnetic ball is as
follows:

G=mg. (3)

The buoyancy force acting on a magnetic ball in a fluid is
as follows:

Fb = ρgVb. (4)

Magnetic spheres in a fluid experience two types of fluid
resistance: viscous resistance caused by friction, which can
be expressed as

fv = 6πηRv, (5)

and pressure differential resistance caused by fluid pressure
(Yesin et al., 2006), which can be expressed as

fp =
1
2
ζAρv2. (6)

The total fluid resistance is as follows:

Fd = fv+ fp, (7)

where m represents the mass of the magnetic ball, g indi-
cates the gravitational acceleration, ρ represents the density
of the fluid, η refers to the viscosity of the fluid, R signifies
the radius of the magnetic ball, v is the fluid velocity, ζ is
the drag coefficient, and A is the projected area of the ball
perpendicular to the direction of flow.

4 Experimental methods

Experiments on the point suspension of a magnetic ball
driven by an external magnetic field within a fluid pipe were
conducted. Figure 5 shows the physical configuration of the
experimental setup. A transparent pipeline with an inner di-
ameter (Dv) of 22 mm was used, while a mixture of glycerin
and water was employed to simulate a viscous fluid. This
mixture has a density of 1060 kg m−3 and a dynamic viscos-
ity of 0.0035 Pa s. A diaphragm pump drives the fluid through
the pipeline, and its flow rate is adjustable. A pitometer is

Figure 5. Experimental setup.

Figure 6. Schematic diagram of the physical parameters of the sys-
tem.

used to measure the velocity of the fluid in the pipeline. Elec-
tromagnets were strategically positioned on both sides of the
fluid pipe. A gap of 30 mm (h1) was maintained between the
center of the pipe and the bottom surface of the upper elec-
tromagnet coil, while a gap of 33 mm (h2) was maintained
between the center of the pipe and the lower electromagnet
coil. The magnetic suspension ball system consists of elec-
tromagnets, a drive circuit, a controller, and a power supply,
enabling the magnetic ball to achieve stable point suspension
within the fluid pipe under a specified supply current.

Figure 6 presents a schematic diagram illustrating the in-
fluencing parameters of the magnetic-levitation ball system
within a fluid-filled circular tube. The primary parameters
examined include the electromagnetic coil drive currents (I
and I ′) and the fluid flow velocity (v), which are manipu-
lated to assess their effects on the levitation characteristics of
the magnetic ball. The parameter ranges are listed in Table 2.
In Fig. 6, a coordinate system is established, with the y axis
aligned along the pipe axis and the z axis aligned with the
electromagnetic coil axis. The position of the magnetic ball
is denoted by its center coordinates Pm (0, ym, zm).
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Table 2. Parameter ranges of the system.

Parameters Ranges

I 0–0.5 A
I ′ 0, 0.005, 0.01 A
v 0.08, 0.16, 0.24 m s−1

The suspension trajectory of the magnetic ball remains
within a vertical yOz plane. The vertical position range of
the magnetic ball within the fluid pipe extends from −4
to 4 mm, with higher values indicating higher positions.
The drive methods for the magnetic ball are classified into
single-electromagnet drive and dual-electromagnet drive.
Dual-electromagnet systems generate stronger electromag-
netic forces, allowing for performance comparison with ex-
isting literature (Cui et al., 2025). In a single-electromagnet
drive, the magnetic ball is driven solely by the upper electro-
magnet. In a dual-electromagnet drive, both the upper and
lower electromagnets are energized to drive the magnetic
ball. The current I represents the drive current of the up-
per electromagnet, which is adjusted according to changes
in the actual suspension position. The current I ′ represents
the drive current of the lower electromagnet; when I ′ = 0,
this indicates that the lower electromagnet is not operational,
signifying single-electromagnet drive.

5 Point suspension of magnetic ball in a fluid pipe

5.1 Characteristics of magnetic ball’s point suspension

Flow in the pipe influences the behavior of the magnetic ball.
Figure 7 presents photographs of the magnetic ball stably
suspended in both stationary and flowing fluids. The green
line in Fig. 7 denotes the central axis of the electromagnet
and the pipe, serving as a reference. The elliptical red line
and the “+” symbol indicate the ball’s outline and center
position, respectively. The elliptical appearance of the ball’s
outline results from visual distortion caused by the cylindri-
cal shape of the pipe. Figure 7a shows that the magnetic ball
driven by a single electromagnet is suspended within a sta-
tionary fluid. The magnetic ball is located at the origin of the
coordinate system and lies on the same axis as the electro-
magnets. As illustrated in Fig. 7b, the drive current remains
constant while the fluid flows at a constant velocity. The sta-
ble suspension position of the magnetic ball is altered by the
impact of the fluid. The ball deviates to the right of the elec-
tromagnet’s axis, while its vertical position shifts slightly up-
ward.

Subsequently, the position of the magnetically levitated
ball within the fluid was analyzed under conditions of single-
electromagnet drive and dual-electromagnet drive. The ver-
tical suspension position of the magnetic ball was actively
regulated through current adjustment, whereas the horizon-

Figure 7. Photograph of a magnetic ball suspended in a fluid pipe.
(a) v = 0 m s−1, I ′ = 0 A. (b) v = 0.24 m s−1, I ′ = 0 A.

Figure 8. Point suspension position of the magnetic ball in the fluid
pipe.

tal suspension position served as the dependent variable. The
gray, purple, and yellow backgrounds in Fig. 8 represent the
suspension zones accessible to the magnetic ball at differ-
ent flow velocities, respectively. The suspension zones cor-
responding to flow velocities of 0.16 and 0.24 m s−1 overlap
in the lower section of the pipe. Figure 8 illustrates the po-
sitional changes in the point suspension of magnetic balls
within a fluid pipe at varying fluid flow velocities and drive
currents. As depicted in Fig. 8, fluid velocity is the primary
factor influencing the horizontal position of the magnetic
ball. At low fluid velocities, the horizontal displacement of
the magnetic balls is minimal. Specifically, at a fluid veloc-
ity of 0.08 m s−1, the horizontal position of the magnetic ball
is approximately 0.6 mm. When the fluid flow velocity in-
creases to 0.16 m s−1, the horizontal position of the mag-
netic ball ranges from 1 to 2.3 mm. At a fluid velocity of
0.24 m s−1, the horizontal position range expands further to
between 1.4 and 4.3 mm, indicating a significant increase.

When the flow velocity is constant, the horizontal po-
sition of the magnetic ball is significantly reduced when
using dual-electromagnet drive compared with a single-
electromagnet drive (I ′ = 0), particularly at a high flow ve-
locity of 0.24 m s−1. Under dual-electromagnet drive condi-
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Figure 9. Percentage reduction in the horizontal position of the magnetic ball driven by dual electromagnets. (a) At the midsection of the
pipe (z= 0 mm). (b) At the bottom of the pipe (z=−4 mm).

tions, an increase in the drive current of the lower electro-
magnet results in a decrease in the horizontal displacement
distance of the magnetic ball. Figure 9 shows the reduction
ratio of the horizontal position of the magnetic ball under
dual-electromagnet drive at the midsection and bottom of the
pipe. As depicted in Fig. 9, the higher the fluid velocity, the
greater the reduction ratio of the horizontal position. At a
flow velocity of 0.08 m s−1, the horizontal-displacement dis-
tance of the magnetic ball can be reduced by approximately
21 %, with the horizontal position of the magnetic ball at the
bottom of the pipe decreasing from 0.7 to 0.5 mm. At a flow
velocity of 0.24 m s−1, the maximum reduction in the hori-
zontal displacement distance of the magnetic ball can reach
approximately 58 %, with the horizontal position of the mag-
netic ball at the bottom of the pipe decreasing from 4.3 to
1.8 mm. When the driving current of the lower electromag-
net is increased from 0.005 to 0.01 A, the reduction ratio of
the horizontal position of the magnetic ball improves, with
a more pronounced enhancement observed at the high flow
velocity of 0.24 m s−1.

Figure 10 presents photographs of a magnetic ball sus-
pended at varying heights, driven by single electromag-
net and dual electromagnets, at a fluid flow velocity of
0.24 m s−1. As shown in Fig. 10, the fluid flow causes the
magnetic suspension balls to deviate to varying degrees from
the axis of the electromagnets. Figure 10 illustrates that the
horizontal deviation of the magnetic ball from the verti-
cal axis decreases as the system transitions from a single-
electromagnet drive to a dual-electromagnet drive. Further-
more, as the current of the lower electromagnet increases,
the horizontal deviation decreases even further.

As shown in Fig. 10, when driven by a single electro-
magnet, the horizontal position of the magnetic ball gradu-
ally increases as the suspension height decreases. At the bot-
tom of the pipe, the horizontal displacement of the magnetic
ball reaches its maximum. However, after the addition of the
lower electromagnet, the horizontal displacement of the mag-
netic ball is significantly reduced, with a greater reduction at

the bottom of the pipe compared to the top. For instance, with
a flow velocity of 0.16 m s−1 and a current I ′ of 0.005 A, the
horizontal displacement of the magnetic-levitation ball at the
center of the pipe decreased by 33 %, changing from 1.7 to
1.1 mm, in comparison with the single-electromagnet drive.
Additionally, the horizontal displacement of the magnetic-
levitation ball at the bottom of the pipe decreased by 39 %,
changing from 2.3 to 1.4 mm. Consequently, under the dual-
electromagnet drive, the horizontal position of the magnetic
ball initially decreases and then increases as the suspension
height decreases, reaching its minimum near the center of the
pipe.

Experimental results indicate that fluid flow velocity is
the primary factor influencing the horizontal position of the
magnetic-levitation ball. As flow velocity increases, the hori-
zontal impact force on the magnetic ball also increases, lead-
ing to greater horizontal displacement. In comparison with
a single-electromagnet drive, a dual-electromagnet drive ef-
fectively constrains the horizontal displacement of the mag-
netic ball at higher fluid velocities. This is because the dual
electromagnets provide a larger horizontal component of the
electromagnetic force, which mitigates the influence of fluid
forces. Increasing the current of the electromagnet enhances
the constraint of the electromagnet set on the magnetic ball.

When using a single-electromagnet drive, the magnetic
ball exhibits a larger horizontal displacement when sus-
pended at a lower position. However, the dual-electromagnet
drive significantly limits this phenomenon, allowing the
magnetic-levitation ball to maintain a smaller displacement
even at lower positions. This occurs because the magnetic
ball is closer to the lower electromagnet at lower positions,
resulting in a stronger electromagnetic force and enhanced
positional stability.

5.2 Suspension stability of magnetic ball

In the preceding analysis, the horizontal position of the
magnetic-levitation ball within the fluid pipe is relatively
close to the axis of the pipe. Given that robots are less likely
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Figure 10. Photos of magnetic balls suspended in a fluid pipe under various conditions.

to damage the pipe wall when operating at a close distance
from it, the area near the pipe’s axis represents the optimal
operating position. Consequently, the suspension stability of
the magnetic-levitation ball at the center of a fluid pipe was
investigated.

Figure 11 shows the fluctuations in the horizontal and ver-
tical positions of the magnetic ball under varying fluid flow
velocities and drive modes. Fluctuation refers to the range of
variation in the position of the magnetic ball during stable
suspension. Figure 12 specifically illustrates the positional
changes of the magnetic ball at a flow velocity of 0.24 m s−1,
while it is suspended at the center of the pipe. As shown in
Fig. 11, the horizontal position fluctuations of the magnetic
ball during suspension are greater than the vertical fluctu-
ations. With the addition of the lower electromagnet or an
increase in its current, the amplitude of the magnetic ball’s
positional fluctuations decreases, resulting in a more stable
suspension. As depicted in Fig. 11, the horizontal fluctua-
tions are approximately twice the magnitude of the vertical
fluctuations. The magnetic suspension ball exhibits smaller
fluctuations under dual-electromagnet drive compared with
single-electromagnet drive.

Under single-electromagnet drive, the horizontal fluctu-
ations of the magnetic ball range from 0.25 to 0.35 mm,
while the vertical fluctuations range from 0.1 to 0.2 mm.
With dual-electromagnet drive, the horizontal fluctuations
are reduced to below 0.21 mm, with a minimum value of
0.134 mm. The vertical fluctuations are reduced to below
0.11 mm, with a minimum of 0.063 mm. When the lower
electromagnetic drive current is increased from 0.005 to
0.01 A in dual-electromagnet drive, the fluctuations of the
magnetic-levitation ball do not exhibit a significant change.
In single-electromagnet drive, the maximum fluctuation of
the magnetic ball is recorded at 0.08 m s−1. In contrast, when
using a dual-electromagnet drive, the maximum fluctuation
of the magnetic ball occurs at 0.24 m s−1.

Magnetic balls are primarily influenced by fluid forces
in the horizontal direction and electromagnetic forces in
the vertical direction. The horizontal fluctuations of the

magnetic-levitation ball are greater than its vertical fluctu-
ations, indicating that the pipe flow contributes to the in-
stability of the magnetic-levitation ball, which is related to
fluid disturbances. Compared with a single-electromagnet
drive, the dual-electromagnet drive method significantly re-
duces fluctuations in the magnetic-levitation ball, especially
at high pipe flow rates. This indicates that enhancing elec-
tromagnetic forces can improve the stability of the magnetic-
levitation ball and mitigate the disruptive effects of fluid dy-
namics.

5.3 Position adjustment of magnetic-levitation ball in a
two-dimensional plane

Figure 13 is a schematic diagram showing the suspension
zone of the magnetic ball in the fluid pipe. As shown in
Fig. 13, under the dual-electromagnet drive configuration,
the magnetic ball maintains a fixed suspension position
within a specific region of the fluid pipe. At a constant flow
velocity, the current I in the upper electromagnet and the
drive current I ′ in the lower electromagnet determine the
ball’s precise location within the pipe. Therefore, controlling
the drive currents of the upper and lower electromagnets en-
ables accurate positioning of the magnetic ball. Figure 13
also demonstrates that, under fixed fluid conditions, when
the vertical suspension position of the magnetic ball varies
within the range of [−4 mm, 4 mm], its horizontal suspen-
sion position remains almost unchanged at a flow velocity
of 0.08 m s−1. However, when the flow velocity increases to
0.24 m s−1, the ball exhibits a significantly larger suspension
area. Thus, under high-flow conditions of 0.24 m s−1, regu-
lating the magnetic ball’s position within the planar region
becomes more critical.

To precisely control the suspension position of the mag-
netic ball, it is essential to understand the specific relation-
ship between the ball’s position and the driving current of the
electromagnet. The ball’s position includes both vertical and
horizontal components. Figure 14 illustrates the relationship
between the vertical position of the magnetic ball suspended
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Figure 11. Fluctuations of the magnetic-levitation ball at the center of pipes under different conditions. (a) Horizontal fluctuations. (b)
Vertical fluctuations.

Figure 12. Position changes of the magnetic ball suspended at the
center of a pipe under various conditions, with a flow velocity of
0.24 m s−1. (a) I ′ = 0. (b) I ′ = 0.005 A. (c) I ′ = 0.01 A.

Figure 13. Schematic diagram of the suspension zone of the mag-
netic ball in the fluid pipe.

in a fluid flowing at 0.24 m s−1 and the driving current. The
scatter points represent measured data, while the curve indi-
cates the fitted line. As shown in Fig. 14, when the driving
current of the lower electromagnet is held constant, the verti-
cal position of the magnetic ball exhibits a negative correla-

Figure 14. Relationship between the vertical position of the mag-
netic ball suspended in a fluid pipe and the driving current of elec-
tromagnets.

tion with the driving current of the upper electromagnet. The
higher the position of the magnetic ball, the smaller the driv-
ing current of the upper electromagnet; conversely, the lower
the position of the magnetic ball, the larger the driving cur-
rent of the upper electromagnet. This occurs because a lower
position of the magnetic ball means a greater distance from
the upper electromagnet, requiring a higher driving current to
maintain the electromagnetic force necessary for suspension.

When the driving current of the lower electromagnet in-
creases, the magnetic ball rises to a higher suspension posi-
tion. As shown in Fig. 14, to maintain the same vertical po-
sition, a larger driving current is required in the lower elec-
tromagnet to offset the increased current in the upper electro-
magnet. This is because, when the currents in both electro-
magnets increase synchronously, the upward electromagnetic
force Fm1 and the downward electromagnetic force Fm2 act-
ing on the magnetic ball also increase synchronously, ensur-
ing that the forces acting on the magnetic ball in the verti-
cal direction remain balanced. A polynomial curve shown in
Fig. 14 was used to fit the relationship between the driving
currents of the upper and lower electromagnets and the ver-
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Figure 15. Relationship between the horizontal position, vertical
position, and the driving current of electromagnets when the mag-
netic ball suspended in a fluid pipe.

tical position of the magnetic ball. Its expression is given by
Eq. (8), with a goodness of fit of 0.996.

I = 0.08325− 0.1074z+ 6.633I ′+ 0.001329z2

− 1.42zI ′+ 95.56I ′2 (8)

The horizontal position of the suspended magnetic ball
is also influenced by the driving currents of the upper and
lower electromagnets. As shown in Fig. 8 in the preceding
text, when the vertical position of the magnetic ball remains
constant, its horizontal position decreases significantly with
an increase in the driving current of the lower electromag-
net. Therefore, the horizontal position of the magnetic ball
can be expressed as a function of its vertical position and
the current of the lower electromagnet. Figure 15 illustrates
the relationship between the horizontal position and driving
current when the magnetic ball is suspended in a fluid flow-
ing at 0.24 m s−1. The scatter points represent measured data,
while the curve indicates the fitted line. As demonstrated in
Fig. 15, when the driving current of the lower electromagnet
remains constant, the horizontal position of the suspended
magnetic ball first decreases and then increases as its vertical
position rises from low to high, reaching a minimum value at
a certain point during this process. This phenomenon is asso-
ciated with fluid resistance. Increasing the driving current of
the lower electromagnet results in a substantial reduction of
the horizontal position of the magnetic ball. The greater the
current, the smaller the horizontal position at which the mag-
netic ball remains suspended. This indicates that the elec-
tromagnetic force provided by the lower electromagnet pulls
the magnetic ball toward the central axis of the electromagnet
(y = 0).

The scatter points in Fig. 15 were fitted with a polynomial
curve, the expression of which is given by Eq. (9), with a

goodness of fit of 0.997.

y = 3.288− 0.09464z− 365.3I ′+ 0.03479z2
+ 35.4zI ′

+ 0.0001856I ′2− 0.0005387z3
− 1.994z2I ′

− 2533zI ′2 (9)

Equations (8) and (9) establish the relationship between
the suspension position of the magnetic ball and the driv-
ing currents of the electromagnets. It is possible to calculate
the required driving currents for the upper and lower elec-
tromagnets to achieve a target position of the magnetic ball.
The regulation of these currents enables precise control of
the magnetic ball’s suspension position within the area delin-
eated in Fig. 13. The test points (a, b, c, d , . . . , l) are defined
in Fig. 16. These points form a regular rectangle, with a hor-
izontal position range of [2 mm, 3 mm] at 0.5 mm intervals
and a vertical position range of [−2 mm, 2 mm] at 1 mm in-
tervals. By calculating and adjusting the currents of the two
electromagnets, the magnetic ball was suspended at differ-
ent positions along these rectangular paths. Figure 16 also
shows photographs of the magnetic ball suspended at vari-
ous positions along the rectangular path. The dashed white
lines in Fig. 16 indicate the defined rectangular trajecto-
ries. Due to cylindrical distortion in the vertical direction
of the photographs, the vertical lengths and distances ap-
pear to be significantly larger than the horizontal dimensions.
The magnetic ball maintains precise suspension at each spec-
ified location. Compared with single-electromagnet drive,
the dual-electromagnet drive enables two-dimensional posi-
tional control of the ball within a plane. In contrast, a single-
electromagnet drive only allows positional adjustment along
specific paths (corresponding to I ′ = 0 in Fig. 8).

Based on the fixed-point suspension of the magnetic ball,
continuous position switching at multiple suspension points
enables stepwise motion of the ball within the pipe flow.
Points a, b, c, d, . . . , l in Fig. 16 are used sequentially as
switching points for the magnetic ball’s stepwise movement.
The ball traces clockwise motion along a rectangular path
at various velocities. The time interval between successive
steps, represented as 1t , is assigned values of 2, 1, 0.5, and
0.2 s. Figure 17 illustrates the horizontal and vertical posi-
tion tracking of the magnetic ball during motion. For fur-
ther information, please refer to Videos S1–S4 in the Supple-
ment. Figure 17a shows a comparison of the position track-
ing of the magnetic ball at intervals of 2 and 1 s. It shows
that the ball’s position initially overshoots during switching
before reaching a steady state. During the stepping motion,
the maximum horizontal overshoot reached 0.463 mm, while
the vertical overshoot peaked at 0.289 mm. The horizontal
overshoot was found to be significantly greater than the ver-
tical overshoot. During position switching, the magnetic ball
attains steady state faster in the vertical direction compared
with the horizontal direction, exhibiting smaller fluctuations
at steady state. Figure 17a illustrates that, once the magnetic
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Figure 16. Suspension photographs of magnetic balls arranged
along a rectangular path.

ball attains a steady state, positional fluctuations are minimal
at the central region of the pipe, whereas they are compara-
tively more pronounced near the bottom. This phenomenon
is likely to be attributable to the localized characteristics of
fluid disturbances and the nonlinear properties of the electro-
magnetic forces. The magnetic ball displays essentially con-
sistent positional behavior across both intervals of 2 and 1 s,
with the exception of an increase in velocity. Additionally,
through calculation and control, the magnetic ball can also
complete motion along other types of trajectories. For fur-
ther information, please refer to Video S6 in the Supplement.

As illustrated in Fig. 17b, when the interval time is de-
creased to 0.5 s, the magnetic ball generally does not attain
a fully steady state before the position switch occurs. This
results in more pronounced fluctuations at the target posi-
tion and an increase in overshoot. Further reduction in the
interval time to 0.2 s exacerbates these fluctuations, causing
the magnetic ball to deviate from the intended trajectory and
preventing it from maintaining stability at each target posi-
tion. Consequently, during low-speed stepwise motion, the
magnetic ball’s trajectory more closely follows the planned
path, achieving an average speed of approximately 1 mm s−1.
Although the magnetic ball’s position becomes less stable at
higher stepwise speeds, this is accompanied by a substantial
reduction in operation time, with average speeds reaching up
to 5 mm s−1.

Figure 18 illustrates the position error of the magnetic ball
when suspended at various points labeled a, b, c, d , . . . , l.
This error represents the difference between the mean po-
sition and the target position of the ball during steady sus-

pension in the fluid. Both horizontal and vertical positional
errors remain within 0.1 mm, demonstrating that precise po-
sitional control of the magnetic ball within the fluid pipeline
is achievable. The positional error is relatively larger when
the magnetic ball is located at Pi . This increase is probably
caused by the nonlinearity of the electromagnet’s current reg-
ulation and errors in the fitting model.

6 Discussion

The experimental results reveal the variation in the sus-
pension position of the magnetic ball within a fluid pipe.
These results demonstrate that the vertically arranged dual-
electromagnet drive configuration improves the ball’s sus-
pension performance. This finding supports research into
magnetic drive methods for robots within fluid pipelines.

The magnetic ball can be suspended and moved in two
dimensions in a controlled manner. Under favorable condi-
tions, employing a dual-electromagnet drive structure can en-
hance the constraint force on magnetic robots, improve sus-
pension stability, and expand the range of positional control.
By leveraging the positional variation patterns of magneti-
cally levitated balls within fluids, it is possible to perform
intelligent localized position control or fine-tuning, as well
as to achieve motion along desired trajectories at different
velocities. These results demonstrate the feasibility of re-
motely manipulating robots within fluid pipelines driven by
a magnetic field, thereby advancing the industrial application
prospects for future miniature-pipeline robots.

Maglev drive is inherently suited to contactless, environ-
mentally friendly, and high-precision control. Due to limita-
tions in experimental conditions and equipment, this study
has only conducted basic research under ideal conditions;
further investigation is required for complex application sce-
narios. For instance, industrial pipelines, medical tubing, and
biological lumens often feature bends, diameter variations,
and branches. To adapt to these diverse pipeline environ-
ments, robots could adopt a fish-like configuration by incor-
porating telescoping structures and steering mechanisms into
permanent magnets. While this approach offers greater de-
grees of freedom and extended control range, it also intro-
duces significant challenges in robot integration and minia-
turization. To address the mechanical modeling complexities
in fluid environments, we plan to employ multiphysics finite-
element simulations. Specifically, for magnetic ball motion,
we will optimize the electromagnet structure, refine control
strategies, and integrate multiple sensors to improve motion
speed, positioning accuracy, and overall stability.

7 Conclusion

Based on the principles of magnetic-levitation technology,
this paper presents the design of a magnetic-levitation ball
drive system utilizing dual electromagnets. Stable suspen-
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Figure 17. Changes in the horizontal and vertical positions of a magnetic ball during stepwise motion along a rectangular path within a fluid
pipe. (a) Comparison at 1t = 2 s and 1t = 1 s. (b) Comparison at 1t = 0.5 s and 1t = 0.2 s.

Figure 18. Position errors of magnetic balls at specified locations
(a, b, c, d , . . . , l) within a fluid pipe..

sion and motion of the magnetic ball within a straight, fluid-
filled pipe are achieved. The effects of fluid velocity and elec-
tromagnet driving current on the suspension performance of
the magnetically driven ball within the pipe flow are inves-
tigated. Differences between single-electromagnet and dual-
electromagnet drives in terms of position control and sus-
pension stability are compared. Furthermore, the proposed
method achieves two-dimensional positional control and mo-
tion control of the magnetic ball within a localized fluid
zone, demonstrating superior performance compared with
single-electromagnet drive. The following conclusions can
be drawn:

1. When the magnetic ball is stably suspended within
the fluid pipe, a deviation in its horizontal position
from the axis of the electromagnet is observed. It was
found that the greater the fluid flow velocity, the larger
the deviation, with a maximum deviation of 4.3 mm.

Compared with a single-electromagnet drive, the dual-
electromagnet drive method significantly reduces the
horizontal displacement of the magnetic ball, effectively
constraining its position. At the bottom of the pipe, the
horizontal displacement of the magnetic suspension ball
decreases by 58 %, being reduced to 1.8 mm.

2. The horizontal fluctuations of the magnetic suspension
ball at the center of the pipe exceed the vertical fluc-
tuations. The dual-electromagnet drive method signifi-
cantly reduces these positional fluctuations, decreasing
horizontal fluctuations to less than 0.21 mm and vertical
fluctuations to less than 0.11 mm.

3. Based on the experimental results, a mathematical
model was developed to describe the relationship be-
tween the drive current and the stable suspension posi-
tion of the magnetic ball. This model was employed to
control the position of the magnetic ball within a two-
dimensional plane inside the fluid pipe. The magnetic
ball moved along a specified trajectory in a stepwise
manner, maintaining a position error within 0.1 mm.
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