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Original Article

Simplified electromagnetic actuation
system for three dimensional locomotive
and drilling microrobot

Hyunchul Choi, Semi Jeong, Cheong Lee, Gwangjun Go,
Jin Zhen, Seong Young Ko, Jong-oh Park and Sukho Park

Abstract

Many researchers have studied and developed various types of medical microrobots using an external electromagnetic

field and a permanent magnet. Most microrobots are very small and remotely controlled. Their medical applications

include minimally invasive surgery (MIS), capsule endoscopy, drug delivery system (DDS), and cell based therapy. Two-

dimensional (2D) or 3D locomotion of microrobots using different electromagnetic actuation (EMA) systems has been

studied. In this paper, we propose a simplified EMA system having the same functions as our previous proposed EMA

system. Because the simplified EMA system has a smaller coils structure, it consumes less power than the previous EMA

system. First, through basic locomotive tests, we demonstrate that the microrobot using the proposed EMA system can

move along a desired path in 2D and 3D space. Second, a drilling performance test was carried out on the microrobot.

Finally, through quantitative comparison, it was verified that the proposed EMA system consumed 58% less power than

the previous EMA system.
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Introduction

Various kinds of microrobots actuated through exter-
nal magnetic field control have been researched for
medical applications.1–15 Small microrobots in par-
ticular were developed for medical applications such
as minimally invasive surgery (MIS), capsule endos-
copy, drug delivery systems (DDS), and cell based
therapy. Generally, external magnetic fields can be
generated from permanent magnets or electromag-
netic coils.

Fountain et al. proposed a magnetic helical micro-
robot that was actuated by a magnetic field generated
using a permanent magnet. This microrobot was wire-
lessly controlled through a rotating permanent
magnet manipulator.4 It was rotated by controlling
the external magnetic field and propelled through a
rotational spiral tail. Niobe Corporation proposed a
magnetic catheter navigation system that used an
external controlled permanent magnet.5 The active
catheter microrobot could change its orientation and
was a more effective medical apparatus than the con-
ventional passive catheter. The helical microrobot and

the active catheter microrobot were controlled by
manipulating the external permanent magnet using a
robotic arm. Therefore, they did not consume power
and had no heat problems compared with electromag-
netic coil systems.4,5 For precise manipulation of
microrobots, it is important to regulate the distance
between the external permanent magnet and the
microrobot. However, the distance regulation in med-
ical applications is very difficult. In addition, because
of the large inertia of the external permanent magnet,
microrobots respond slowly.

There are several magnetic field generation meth-
ods using electromagnetic coils.6–15 Martel et al.
adopted a magnetic field generated by medical mag-
netic resonance imaging (MRI) gradient coils to
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actuate a microrobot. MRI coils manipulated the
paramagnetic microrobot and recognized its position
at the same time.6 They also demonstrated the feasi-
bility of drug delivery using the microrobot in the
blood vessel.7 However, due to the nature of the
MRI system, the degree of freedom (DOF) of
the microrobot was constrained and the locomotion
of the microrobot was affected by the generated mag-
netic field during the imaging procedure. Nelson and
co-workers proposed a bacterial flagella inspired
microrobot and an intraocular microrobot, both
of which used an external electromagnetic field.8–10

The bacterial flagella inspired microrobot had a
spiral shaped body and was propelled by a rotational
magnetic field generated by three pairs of orthogon-
ally stationary Helmholtz coils. The intraocular
microrobot was actuated by an electromagnetic
field generated by the OctoMag magnetic manipula-
tion system.10 The electromagnetic field could be
easily and rapidly controlled through coil current
changes. However, the electromagnetic coil system
consumed much power and induced heat generation
problems.

We previously proposed several types of microro-
bots that used various electromagnetic actuation
(EMA) systems.11–15 The EMA systems were com-
posed from various combinations of Helmholtz coil,
Maxwell coil, uniform saddle coil, and gradient saddle
coil. Generally, microrobots are aligned in a desired
direction by Helmholtz and uniform saddle coils and
are propelled along the aligned direction by Maxwell
and gradient saddle coils. In addition, the rotational
magnetic field generated by the EMA system can
rotate the microrobot. Therefore, microrobots of vari-
ous sizes and shapes can be built according to the
locomotive principles and functional purposes. A
bullet type microrobot is especially suitable for loco-
motion in blood vessels, and a spherical type micro-
robot with a bumpy surface for drilling at occluded
parts because of its rotational ability.

Among our proposed EMA systems, the represen-
tative EMA system consists of a fixed pair of
Helmholtz and Maxwell coils and a rotating pair of
uniform and gradient saddle coils.12 In this paper, we
propose a simplified EMA system, which does not
have the Maxwell coil that is present in the previous
EMA system. That is, the proposed EMA system con-
sists of a fixed pair of Helmholtz coils, and a rotating
pair of uniform and gradient saddle coils. Therefore,
compared with the previous EMA system, the pro-
posed EMA system can save on power. The uniform
magnetic field generated by the Helmholtz and uni-
form saddle coils can align the microrobot to a desired
direction in three dimensional (3D) space and rotate
the microrobot for drilling. The gradient saddle coil
can generate the propulsion force of the microrobot.
In addition, a spherical microrobot with a rough
bumpy surface should be used for locomotion and
drilling.14

The main difference of the proposed EMA micro-
robot system is that the simplified EMA system, with-
out a Maxwell coil, is able to realize similar motions
as the previous EMA microrobot systems. Therefore,
the simplified EMA system can provide many advan-
tages to solve the power consumption and heating
problems when the biomedical microrobots are
applied to human bodies. In addition, the simplified
EMA system can generate a higher driving force and
torque of the microrobot when using the same power
supply.

This paper is organized as follows. In ‘‘Working
principles of proposed EMA system’’ section, we pro-
pose a simplified EMA system and explain the work-
ing principles of 3D locomotion and drilling motion
of a microrobot using the simplified EMA system. In
‘‘Experiments’’ section, through various experiments,
we investigate the 2D and 3D locomotion and drilling
performances of the microrobot using the simplified
EMA system. Finally, in ‘‘Comparative Analysis of
Proposed EMA System’’ section, the power consump-
tion of the proposed EMA system is quantitatively
compared with that of the previous EMA system.

Working principles of proposed EMA
system

General electromagnetic theory

The generated torque (T, N�m) and force (F, N)
applied to a magnetic microrobot in a magnetic field
are described by the following equations.16

T ¼ �0VM�H ð1Þ

F ¼ �0VðM � rÞH ð2Þ

where �0, V, and M are the magnetic permeability of
free space, the volume, and magnetization vector of
the magnetic microrobot, respectively.

Generally, Helmholtz and uniform saddle coils are
used to generate a uniform magnetic flux and to align
the microrobot.12 The magnetic flux (Hh, A=m) pro-
duced by the x-axis Helmholtz coil is defined as
follows:

Hh ¼ sh 0 0
� �T

ð3Þ

sh ¼ 0:7155
ih � nh

rh
ð4Þ

where ih(A), rh(m), and nh are the current, radius of
the Helmholtz coil, and turns of coil, respectively.
Similarly, the magnetic flux (Hus, A=m) produced by
the y-axis uniform saddle coil is defined as follows:

Hus ¼ 0 dus 0
� �T

ð5Þ

dus ¼ 0:6004
ius � nus

rus
ð6Þ

2 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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where ius(A), rus(m), and nus are the current, radius of
the uniform saddle coil. and turns of coil, respectively.
According to equation (1), the pair of Helmholtz and
uniform saddle coils generates a uniform magnetic
field in a desired direction and aligns the microrobot
along this direction.

Maxwell and gradient saddle coils are used to gen-
erate a uniform gradient magnetic field and to propel
the microrobot. The magnetic flux (Hm, A=m) pro-
duced by the x-axis Maxwell coil is defined as follows:

Hm ¼ gmx �0:5gmy �0:5gmz
� �T

ð7Þ

gm ¼ 0:6413
im � nm

r2m
ð8Þ

where im(A), rm(m), and nm are the current, radius of
the Maxwell coil, and turns of coil, respectively. The
magnetic flux (Hgs, A=m) produced by the gradient
saddle coil is defined as follows:

Hgs ¼ �ggsx 2:4398ggsy �1:4398ggsz
� �T

ð9Þ

ggs ¼ 0:3286
igs � ngs

r2gs
ð10Þ

where igs(A), rgs(m), and ngs are the current, radius of
the gradient saddle coil, and turns of coil, respectively.
According to equation (2), the pair of Maxwell and
gradient saddle coils generates a uniform gradient
magnetic field in a desired direction and propels the
microrobot along this direction.

Design and fabrication of simplified EMA system

Recently, we proposed an EMA system for a 3D loco-
motive microrobot, which consisted of one pair of
stationary Helmholtz and Maxwell coils and one
pair of rotational uniform and gradient saddle
coils.12 In this paper, we propose a locomotive and
drilling microrobot using a simplified EMA system
without the Maxwell coil that was present in the pre-
vious EMA system.12 Figure 1 shows an isometric
view (a) and a plane view (b) of the proposed EMA
system, which consists of a stationary Helmholtz coil
along the x-axis and two rotational saddle coils (a
uniform saddle coil and a gradient saddle coil) on
the x-axis. The Helmholtz coil is a pair of solenoid
coils, and is positioned on both sides of the region of
interest (ROI). The two saddle coils, with different
diameters, are orthogonally positioned on the x-axis,
and simultaneously rotated upon the x-axis, as shown
in Figure 1.

In Figure 1, � is defined as the angle between the
z-axis and the principal axis of the uniform saddle coil
(r-axis); the x–r plane is called the working plane of
locomotion and drilling of the microrobot. In add-
ition, the gradient and uniform saddle coils are per-
pendicularly located, and the principal axis of the

gradient saddle coil is defined as the r0-axis.
Figure 1(c) shows the fabricated EMA system,
where uniform saddle and gradient saddle coils are
rotated by using a DC motor (Maxon motor,
356846) and a timing belt. The detailed specifications
of the fabricated EMA system are shown in Table 1.

2D locomotive mechanism of microrobot

For alignment and locomotion of the microrobot in a
2D plane, � was set to 90� (x–y plane) and the micro-
robot was aligned to a specific direction and propelled
along the desired direction. As shows in Figure 2(a),
when the microrobot is aligned in the alignment dir-
ection (�), the x-, y-axis components of magnetization
(M) were defined as

Mx ¼ �M cos � ð11Þ

My ¼ �M sin � ð12Þ

Figure 1. Schematic designs and fabricated proposed EMA

system. (a) Isometric view, (b) plane view, and (c) fabricated

EMA system.

Choi et al. 3
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From equations (2) and (9), the propulsion force
(F) of the microrobot is determined as

Fx ¼ ��0ggsVM cos � ð13Þ

Fy ¼ �1:4398�0ggsVM sin � ð14Þ

From equations (13) and (14), when the locomo-
tion direction of the microrobot is defined as �, the
alignment angle (�) of the microrobot is derived as

Fy

Fx
¼ 1:4398 tan � ¼ tan� ð15Þ

� ¼ tan�1
tan�

1:4398

� �
ð16Þ

Finally, the applied propulsion force of the micro-
robot and the generated gradient magnetic field in the
gradient saddle coil are calculated as

F ¼
��0ggsVM cos �

sin �
ð17Þ

ggs ¼ �
F sin �

VM cos �
ð18Þ

For 2D locomotion of the microrobot along a
desired direction (�), the microrobot is aligned in a
specified angle (�) in equation (16) using the
Helmholtz and uniform saddle coils and propelled

along the desired direction (�) by the gradient mag-
netic field of the gradient saddle coil in equation (18).

3D locomotive mechanism of microrobot

Through the rotation of the uniform and gradient
saddle coils, the 2D locomotive mechanism of the
microrobot using the proposed EMA system can be
extended to 3D locomotion. In Figure 3, the actuation
plane of the EMA system is defined as the x–r plane,
where � denotes the angle between z- and r-axis and �
denotes the angle between x-axis and the magnetiza-
tion direction of the microrobot in the third quadrant.

Based on equations (11) and (12), the x- and r-axes
magnetization components of the microrobot can be
described as

Mx ¼ �M cos � ð19Þ

Mr ¼ �M sin � ð20Þ

Based on equation (9), x- and r-axis components of
the magnetic field (Hgs) by the gradient saddle coil are
rewritten as

Hgs ¼ �ggsx �1:4398ggsr
� �T

ð21Þ

The propulsion mechanism of the microrobot using
the proposed EMA system is shown in Figure 3(c) and
(d), where the alignment angle of the microrobot in
the x–r plane is defined as � and the propulsion angle
is defined as �. In the 3D locomotion of the micro-
robot, the effect of the gravitational force should be
considered. Because the working plane acts as a floor
surface, the normal component (mg cos�) of the
gravitational force of the microrobot is cancelled by
the reaction force from the working plane, but the
tangential component (mg sin�) is not cancelled.
Therefore, the tangential component of the gravita-
tional force should be compensated. Similar with

Figure 2. Schematic modeling of 2D locomotion of microrobot. (a) Alignment of microrobot and (b) locomotion of microrobot.

Table 1. Specifications of proposed EMA coil system.

Coils

Radius

(mm)

Diameter of copper

wire (mm) Coil turns

Helmholtz coil 162.0 1.2 500

Uniform saddle coil 67.0 1.0 419

Gradient saddle coil 140.0 1.0 419

4 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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equations (13) and (14), the propulsion forces along x-
and r-axes of the microrobot with the consideration of
the tangential component of the gravitational force
are derived as

Fx ¼ ��0ggsVM cos � ¼ F cos� ð22Þ

Fr ¼ �1:4398�0ggsVM sin � �mg cos� ¼ F sin�

ð23Þ

where Fx, Fr, and mg are the x-axis propulsion force,
r-axis propulsion force, and the gravitational force of
the microrobot, respectively. From equations (22) and
(23), the gradient magnetic field ð ggsÞ ingenerated by
the gradient saddle coil is calculated as

ggs ¼ �
F cos�

VM cos �
ð24Þ

ggs ¼ �
mg cos�þ F sin �

1:4398VM sin �
ð25Þ

Therefore, from equations (24) and (25), the spe-
cific alignment direction (�) of the microrobot can be
obtained as

� ¼ tan�1
mg cos�þ F sin �

1:4398F cos�

� �
ð26Þ

Finally, through equations (24) and (26), the gra-
dient magnetic field of the gradient saddle coil can be
calculated.

Drilling mechanism of microrobot

As shown in Figure 4, for locomotion and drilling, the
microrobot should be spherical shape with rough

Figure 3. Schematic modeling of 3D alignment and locomotion of the microrobot. (a) Alignment modeling in 3D space, (b) alignment

modeling in x–r plane, (c) locomotion modeling in 3D space, and (d) locomotion modeling in x–r plane.

Choi et al. 5
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bumpy surface and should be able to show separately
propulsion motion by a gradient magnetic field and
drilling motion by a rotational magnetic field in 3D
space.14 The proposed EMA system has Helmholtz
and uniform saddle coils for the alignment and the
rotation of the microrobot. Therefore, through these
two electromagnetic coils which can generate uniform
magnetic fields, the drilling motion of the spherical
microrobot with rough bumpy surface can be realized.
For the drilling motion of the microrobot, a rota-
tional uniform magnetic field should be generated.
Therefore, the following oscillatory magnetic fields
should be generated by the Helmholtz coil and the
uniform saddle coil.

Brot ¼ B0 cos!t B0 sin!t
� �T

ð27Þ

where B0 is the magnetic field intensity of the rota-
tional uniform coil and ! becomes the rotational fre-
quency of the microrobot.

As shown in equation (1), when the microrobot is
not aligned the uniform magnetic field, the magnetic
torque of the microrobot is generated. The magnetic
torque exists until the microrobot is aligned with the
uniform magnetic field. Therefore, when we use the
rotational uniform magnetic field, the microrobot can
be rotated. Therefore, the microrobot with rough
bumpy surface could realize the drilling function.

Experiments

Experimental setup

As shown in Figure 1(c), we used an experimental
setup configuration similar to that of previous
papers.12–14 The microrobot was located in the ROI,
which is the center part of the EMA system. For the
observation of the microrobot, a DSLR camera
(Cannon EOS 600D) was installed on the r0-axis or

on the x-axis. The EMA system controller was com-
posed of a PCIe controller and LabVIEW software
(National Instrument), and the coil currents were con-
trolled in joystick mode and manual mode. The
currents in the EMA system were applied by three
power supplies (MX15–3set, California Instrument).
The PCIe controller could communicate with the
power supplies using a general-purpose interface
bus (GPIB).

Figure 4 shows the spherical type microrobot with
a bumpy surface. At the center of the microrobot, a
cylindrical permanent magnet of 2mm in diameter
and 2mm in height was positioned, and SiO2 particles
were attached onto the cylindrical magnet. The final
fabricated microrobot has an outer diameter of
3.5mm and a mass of 0.112 g. Based on the electro-
magnetic theory, it can be estimated that the proposed
EMA microrobot system can generate a maximum
torque of 0.135mN�m, and a maximum driving
force of 1.29mN.

For the 2D and 3D locomotion and drilling tests of
the microrobot, we used open loop control methods,
where the requisite currents for a desired motion of
the microrobot were calculated and applied to the
electromagnetic coils. In these experiments, the track-
ing angle errors were evaluated by the measurement of
the angle between the start point and the final point.
And, the drilling velocities were calculated through
the drilling length and the elapsed time. In addition,
the 3D locomotion of the microrobot in blood-vessel
phantom was controlled by a master-slave method.

2D locomotion tests of microrobot

To validate the proposed EMA system, 2D locomo-
tion tests were carried out. A spherical neodymium
magnet (diameter 2mm, M¼ 955,000A/m) was used
as the microrobot and was positioned in the center of
a Teflon dish which was filled with silicone oil of high

Figure 4. Spherical type microrobot with a rough bumpy surface. (a) Concept design and fabricated microrobot. (b) Rotational

motion of microrobot.

6 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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viscosity (100 CS). First, basic 2D locomotion tests of
the microrobot at the desired directions of 0�, 30�,
45�, 60�, and 90� were performed five times, respect-
ively. The experimental results are shown in Figure
5(a)–(e) and summarized in Figure 5(g). The results
showed that the microrobot could precisely move at
the desired tracking angles and the 2D tracking angle
errors of the microrobot were lower than 1.5�.

From the experimental results in Figure 5(g), it can
be seen that the tracking angle errors at the desired
directions of 0� and 90� were relatively small

compared with those at the other desired directions.
When the desired direction was 0� and 90�, only one
coil among the Helmholtz coil and uniform saddle
coil was used for the alignment of the microrobot.
This demonstrates that alignment using a single coil
is less sensitive to the unexpected differences between
the two coils, such as resistance variations from Joules
heating and manufacturing precision. In addition,
alignment errors can also be generated from the
force of friction between the microrobot and the
bottom surface.

Second, as shown in Figure 5(f), an arbitrary path
of 3mm depth in the Teflon dish was fabricated and
used as a desired path for a 2D locomotion test of the
microrobot in the joystick control mode. Through
Figure 5(f) and Supplementary video, it was verified
that the microrobot could move along the predefined
path using the proposed EMA system.

3D locomotion test of microrobot

For 3D locomotion tests of the microrobot, we used a
rectangular, parallelepiped test bed (width 20mm,
length 20mm, and height 10mm) and a spherical per-
manent magnet microrobot (diameter 2mm,
M¼ 955,000A/m). For the evaluation of 3D locomo-
tion algorithm, we selected four representative
inclined angles (�¼ 0�, 30�, 45�, and 60�), and loco-
motion tests for four desired direction angles (�¼ 30�,
45�, 60�, and 90�) on the surface with the inclined
angles were performed, respectively, five times.
Figure 6(a)–(d) shows the experimental results on
the side with the inclined angle �¼ 45� and Figure
6(e) shows the summary of the 3D tracking angle
errors. The results showed that the microrobot
could precisely move at the desired tracking angles
and that the 3D tracking angle errors of the micro-
robot were lower than 1.5�. The tracking angle errors
of the microrobot in a 3D space showed even distri-
butions and less variations at the different desired dir-
ections and alignment directions. This is due to the
lack of frictional force with the bottom surface
because the robot was floated, and was able to be
precisely aligned and propelled.

Drilling test of microrobot

To evaluate the drilling performance of the microro-
bot, an acrylic pipe with a 0.3% agar blocked region
was used, and the drilling velocity was measured. The
oscillatory magnetic fields were generated by the
Helmholtz coil and the uniform saddle coil, as
described in equation (27), where the magnitude of
the magnetic field was 11,040A/m and the rotational
frequencies were changed from 1Hz to 13Hz.
Figure 7 and the Supplement video show the experi-
mental results of the drilling performance of the
microrobot. As the rotational frequency increases to
9 Hz, the drilling velocity linearly increases. However,

Figure 5. Experimental results. (a)–(e) Basic locomotion

of microrobot in 2D plane (�¼ 90�), (f) locomotion of micro-

robot along 2D desired path (�¼ 90�), and (g) tracking angle

errors of 2D locomotion test. Values are expressed as mean

�SE.

Choi et al. 7
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at higher rotational frequencies over 9 Hz, the drilling
velocity decreased. The EMA coils can be regarded as
R-L circuits. Therefore, as the driving frequencies
increase in the low frequency region, the drilling

velocity of the microrobot increases. However, a
reverse of this tendency was observed in the high driv-
ing frequency region (>10Hz). Similar phenomena
were found in previous studies.17,18 Furthermore,

Figure 6. Experimental results. (a)–(d) Locomotion of microrobot in 3D space (�¼ 45�) and (e) tracking angle errors of 3D

locomotion test. Values are expressed as mean� SE.

8 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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drilling efficiency decreased when the rotational fre-
quency exceeded a specific frequency (step-out fre-
quency).17,18 Therefore, the step-out frequency of
the proposed EMA system was about 9Hz.

Through these experiments, it was verified that the
proposed microrobot shows a drilling motion due to
the rotation of its bumpy surface. The drilling motion
could be an important mechanism for providing
therapeutic functions in blood vessel microrobots. In
addition, we expect that the drilling motion of the
microrobot could have uses for the treatment of vari-
ous diseases, such as hydrocephalus and tumors.

3D locomotion and drilling test of microrobot
in blood-vessel phantom

The 3D locomotion and drilling of the microrobot
were confirmed by using a phantom of human blood
vessels. From computed tomography (CT) images of
human blood vessels, the rendering data of the blood
vessels were extracted. Based on the rendering data, a
blood-vessel phantom was fabricated by a rapid
prototype (RP) process.14 The phantom was a cubic
shape of 40mm, and blood vessels of 4mm in diam-
eter 4mm. It also had vascular routes of about 45�

ascending slope and about 45� descending slope. The
vessels of the phantom were filled with silicone oil
(100 CS) and a branch vessel was filled with 0.3%
agar as an occlusion model. For the locomotion and
drilling tests, a spherical microrobot with a bumpy
surface was used.12 The 3D locomotion and drilling
results of the microrobot in the blood-vessel phan-
tom are shown in Figure 8 and Supplement video.

The experimental results showed that the microrobot
could move along 3D path and drill the occlusion
model in the blood-vessel phantom.

Comparative analysis of proposed
EMA system

As shown in Figure 9, the proposed EMA system
(Figure 9(b)) has a structure without the Maxwell
coil that is present in the previous EMA system
(Figure 9(a)).12 In this section, we compare these
two EMA systems with respect to power consump-
tion. These two EMA systems have identically same
Helmholtz coils and uniform saddle coils and the
same actuation mechanism for the alignment of
the microrobot.12 Therefore, we did not consider the
power consumptions of Helmholtz coils and uniform
saddle coils, and the uniform coils structure but con-
sidered their different gradient coils namely, the gra-
dient saddle coils and Maxwell coils. For a reasonable
comparison, the following assumptions9 were
introduced.

. For the geometrical arrangement of the gradient
saddle coil and Maxwell coil in the previous
EMA system, the radius of Maxwell coil should
be slightly larger than that of the gradient saddle
coil. In addition, the Maxwell coil can have a same
radius as the Helmholtz coil, which is arranged in a
same axis. Therefore, the radii of the Helmholtz
coil and Maxwell coil were determined to
be 1.157 times larger than that of the gradient
saddle coil.

Figure 7. Drilling velocities of microrobot. Values are expressed as mean� SE.
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Figure 8. Locomotion and drilling test of microrobot in blood-vessel phantom.

Figure 9. Schematic diagram of two EMA systems. (a) Previous EMA system and (b) proposed EMA system.

10 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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. In the previous EMA system, we determined the
winding number ratio of Maxwell coil, at which
the microrobot was propelled in the aligned direc-
tion with the current in Maxwell coils equal to that
in the gradient saddle coils. In addition, the gradi-
ent saddle coil in the proposed EMA system had
the same winding number of the gradient saddle
coil in the previous EMA.

. For the actuation of the microrobot in the desired
direction in 2D plane, the two EMA systems have
the same average gradient magnetic field.

Based on these assumptions, the comparison
results are shown in Table 2. The comparative ana-
lysis verified that the proposed EMA system can con-
sume 58% less power than the previous EMA system.
Therefore, compared with the previous EMA system,
the proposed EMA microrobot can be actuated by
substantially less power. When using the same
power input, our microrobot can show enhanced per-
formance, including larger driving force and torque,
and precise tracking accuracy.

Conclusions

In this study, we proposed a simplified EMA system
for 3D locomotion and drilling of the microrobot.
Although the proposed EMA system has the same
functions as the previous EMA system,10 it has a
structure without the Maxwell coil that is present in
the previous EMA system. First, we proposed the 2D
and 3D locomotion and drilling mechanisms of the
microrobot using the proposed EMA system.
Second, through various experiments using test beds
and a blood-vessel phantom, we verified the tracking
and drilling performance of the microrobot. Finally,
we found that the proposed EMA system can con-
sume much less power than the previous EMA
system.

The proposed EMA microrobot, which shows pre-
cise locomotion in 2D and 3D space, can be used for

specific drug delivery. In addition, because it can be
applied to the manipulation of cells and micro-
particles, it can also be used for cell study using micro-
fluidic chips. In the future, through enhancements of
the therapeutic functions, the position recognition
and the controllability of the microrobot, we expect
that the microrobot will be widely utilized for various
biomedical applications.
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